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SUMMARY 

A s  a r e s u l t  of a s t u d y  conducted by the  Fede ra l  Avia t ion  Adminis t ra t ion  i n  1977 
and a r e p o r t  publ i shed  i n  1983 by t h e  Nat iona l  Research Counci l ,  l ow-a l t i t ude  wind 
s h e a r  has  become recognized as an i n f r e q u e n t  b u t  s i g n i f i c a n t  hazard  t o  a l l  a i r c r a f t  
d u r i n g  te rmina l -a rea  o p e r a t i o n s .  A senso r  has been developed f o r  measuring t h e  t i m e  
r a t e  of change of t h e  s p e c i f i c  t o t a l  energy of an  a i r p l a n e  wi th  r e s p e c t  t o  t h e  a i r  
mass, and t h e  senso r  w a s  t e s t e d  and eva lua ted  on a D e  Havi l land  DHC-6 Twin O t t e r  
a i r p l a n e  and a l s o  on t h e  Transpor t  Systems Research Vehic le  (TSRV) B-737 a i r p l a n e .  
S ince  t o t a l  energy rate h a s  been shown t o  be u s e f u l  i n  wind-shear d e t e c t i o n  and i n  
b a s i c  l o n g i t u d i n a l  s t a b i l i t y  and c o n t r o l  s t u d i e s ,  t h i s  s enso r  may be a p p l i c a b l e  t o  
t h e  wind-shear problem. 

Th i s  paper  p r e s e n t s  a c o n t r o l  system (bo th  wi th  and wi thou t  ene rgy- ra t e  feed-  
back)  des igned  f o r  t h e  approach to  landing  of t h e  TSRV B-737 through a severe-wind- 
s h e a r  and g u s t  environment t o  e v a l u a t e  t h e  a p p l i c a t i o n  of t h e  t o t a l  ene rgy- ra t e  
s e n s o r  t o  wind-shear p e n e t r a t i o n  du r ing  t h e  l and ing  phase of f l i g h t .  A p lan t -sys tem 
model is  developed which i n c o r p o r a t e s  wind-shear dynamics equa t ions  wi th  t h e  a i r p l a n e  
equa t ions  of motion, t hus  a l lowing  t h e  c o n t r o l  systems to  be ana lyzed  under v a r i o u s  
wind-shear cond i t ions .  The c o n t r o l  systems are des igned  by us ing  modern c o n t r o l  
t heo ry  and are formulated by us ing  t h e  proportional-integral-filter/command-generator 
t r a c k i n g  (PIF/CGT) cont ro l - law conf igu ra t ion  i n t e g r a t e d  wi th  opt imal -output  feedback.  
The feedback des igns  are ana lyzed  wi th  frequency-domain con t ro l - theo ry  t echn iques  
f o r  t h e  d e s i g n  case wi th  no wind and a lso f o r  an  o f f -des ign  case wi th  wind shea r .  
Control-system performance i s  eva lua ted  by us ing  a complete n o n l i n e a r  s i m u l a t i o n  of 
t h e  a i r p l a n e  i n  combination wi th  a severe-wind-shear and g u s t  d a t a  package. This  
performance e v a l u a t i o n  is concerned wi th  control-system s t a b i l i l t y  and r e q u l a t i o n  
c a p a b i l i t y  o n l y  - o p e r a t i o n a l  performance a s p e c t s ,  such as 100- f t  d e c i s i o n  h e i g h t  
cr i ter ia  and touchdown d i s p e r s i o n ,  are n o t  cons idered .  The a n a l y s i s  and s i m u l a t i o n  
r e s u l t s  i n d i c a t e  very  s imi l a r  s t a b i l i t y  and performance c h a r a c t e r i s t i c s  f o r  t h e  t w o  
des igns .  This  outcome may be due t o  t h e  a v a i l a b i l i t y  and accuracy  of t h e  measure- 
ments t h a t  w e r e  used i n  t h i s  s tudy .  Energy-rate feedback may be b e n e f i c i a l  on com- 
mercial t r a n s p o r t s  t h a t  are n o t  equipped with h i g h l y  a c c u r a t e  measmemznt systems 
(e .g . ,  i n e r t i a l  nav iga t ion  systems)  which are capable  of p rov id ing  a l l  t h e  necessa ry  
in fo rma t ion  o r  on commuter and g e n e r a l  a v i a t i o n  a i r c r a f t ,  which have fewer a v a i l a b l e  
measurements f o r  use  i n  au tomat i c  c o n t r o l  systems. 

INTRODUCTION 

Wind s h e a r  ( o r  wind v a r i a b i l i t y )  i s  c h a r a c t e r i z e d  by wind changes t h a t  depend on 
bo th  d i s t a n c e  and t i m e .  I t  can t h e r e f o r e  be thought  of a s  a l o c a l  v a r i a t i o n  of wind 
v e l o c i t y  w i t h  respect t o  d i s t a n c e  which occurs  a t  some p a r t i c u l a r  t i m e .  The magni- 
t ude  and r e l a t i v e  d i r e c t i o n  of a wind shea r  are q u a n t i f i e d  by d i v i d i n g  t h e  v e l o c i t y  
d i f f e r e n c e  a t  two p o i n t s  by t h e  d i s t a n c e  between them, and t h i s  q u a n t i t y  i s  u s u a l l y  
r e f e r r e d  t o  a s  t h e  wind-shear g r a d i e n t .  

Low-a l t i tude  wind s h e a r  r e s u l t s  from thunderstorms and o t h e r  convec t ive  c louds .  
It  is recognized  as an i n f r e q u e n t  b u t  s i g n i f i c a n t  hazard  t o  a l l  a i r c r a f t ,  from small 
g e n e r a l  a v i a t i o n  a i r p l a n e s  t o  l a r g e r  j e t  t r a n s p o r t s ,  du r ing  t h e  take-off  and t h e  
approach or l and ing  phases  of f l i g h t .  A 1977 Fede ra l  Avia t ion  Adminis t ra t ion  (FAA) 



s t u d y  ( ref .  1 )  r epor t ed  on a i r c r a f t  a c c i d e n t s  or i n c i d e n t s  r e l a t e d  t o  low-a l t i t ude  
wind s h e a r  occurr ing  from 1964 to  1975. During t h i s  pe r iod ,  25 cases i n v o l v i n g  
t r a n s p o r t  a i r p l a n e s  were i d e n t i f i e d  i n  which low-a l t i t ude  wind s h e a r  w a s  a p o s s i b l e  
cause  of a c c i d e n t s  du r ing  e i t h e r  t h e  take-off ( 2  cases) o r  t h e  approach o r  l and ing  
( 2 3  cases).  The most d i s a s t r o u s  and well-known of t h e s e  cases - i n  fac t ,  t h e  case 
t h a t  motivated t h e  FAA s tudy  - w a s  t h e  1975 landing  a c c i d e n t  a t  John F. Kennedy 
I n t e r n a t i o n a l  A i rpo r t ,  which r e s u l t e d  i n  112 f a t a l i t i e s .  A l a t e r  r e p o r t  under t h e  
a u s p i c e s  of t h e  Nat iona l  Research Counci l  ( re f .  2)  i d e n t i f i e d  27 cases r e l a t e d  t o  
low-a l t i t ude  wind s h e a r  d u r i n g  t h e  yea r s  1964 t o  1982. Four of t h e  o r i g i n a l  
twenty-f ive cases  w e r e  e l i m i n a t e d  as wind-shear-related a c c i d e n t s  o r  i n c i d e n t s ,  b u t  
6 new cases were i d e n t i f i e d  f o r  t h e  t i m e  pe r iod  1976 t o  1982, i n c l u d i n g  t h e  1982 
take-off  a c c i d e n t  a t  New Or leans  I n t e r n a t i o n a l  A i r p o r t  which involved 153 f a t a l i t i e s .  

Reference  2 l i s t s  19 recommendations f o r  r educ ing  t h e  f l i g h t  hazards  posed by 
low-a l t i t ude  wind shea r .  P o r t i o n s  of two of t h e  s i x  recommendations l i s t e d  under t h e  
s e c t i o n  e n t j t l e d  " A i r c r a f t  Performance and Opera t ions"  are p e r t i n e n t  t o  t h e  r e s e a r c h  
p resen ted  i n  t h i s  paper .  The fo l lowing  e x c e r p t s  a r e  from t h e s e  recommendations: 

Wind-Shear E f f e c t s  on F l i g h t  C h a r a c t e r i s t i c s  

The FAA should sponsor  a n a l y t i c a l  and s i m u l a t o r  i n v e s t i g a t i o n s  t o  de termine  t h e  
wind s h e a r  p e n e t r a t i o n  and recovery  c a p a b i l i t i e s  of t r a n s p o r t  a i r c r a f t ,  based on 
v a r i o u s  onboard d e t e c t i o n ,  guidance,  and c o n t r o l  systems.  

Guidance and Cont ro l  Aids 

Onboard senso r s  and guidance a i d s  should  be e v a l u a t e d  i n  a s y s t e m a t i c  manner to  
de termine  t h e i r  merits f o r  f u t u r e  development and f o r  p o s s i b l e  r e t r o f i t  i n  
e x i s t i n g  a i r c r a f t .  These i n c l u d e  f l i g h t  d i r e c t o r  m o d i f i c a t i o n s ,  ground speed/  
a i r s p e e d  f l i g h t  mangement systems,  v e r t i c a l - a c c e l e r a t i o n  s e n s o r s ,  and energy-  
ra te  senso r s .  

When an  a i r c r a f t  encounters  a wind s h e a r ,  changes occur  i n  t h e  wind-ve loc i ty  
components a long  each of t h e  axes  of motion of t h e  a i r p l a n e .  Long i tud ina l  wind 
s h e a r s  run  a long  t h e  f u s e l a g e  of t h e  a i r c r a f t  and are g e n e r a l l y  r e f e r r e d  t o  as head- 
wind o r  t a i l w i n d  s h e a r s  depending on t h e  d i r e c t i o n .  Ver t i ca l  wind s h e a r s  r e s u l t  from 
u p d r a f t s  and downdraf ts ,  which occur  a long  t h e  v e r t i c a l  a x i s  of t h e  a i r c r a f t .  Longi- 
t u d i n a l  and v e r t i c a l  wind s h e a r s  can add energy t o  o r  s u b t r a c t  energy  from an  a i r -  
c r a f t  because they a f f e c t  t h e  a i r c r a f t  speed and a l t i t u d e  ( i . e . ,  i t s  k i n e t i c  and 
p o t e n t i a l  energy,  r e s p e c t i v e l y )  ( r e f .  2 ) .  These s h e a r s  t h e r e f o r e  have a major e f f e c t  
on t h e  a i r c r a f t  phugoid motion, which i s  c h a r a c t e r i z e d  by c o n s t a n t  t o t a l  enerqy  wi th  
a c o n t i n u a l  exchange between t h e  k i n e t i c  and p o t e n t i a l  energy  components. Fu r the r -  
more, c e r t a i n  wind-shear c o n d i t i o n s  can be shown t o  a c t u a l l y  d r i v e  t h e  phugoid mode 
to  i n s t a b i l i t y .  Since t o t a l  energy  i s  t h e  sum of k i n e t i c  and p o t e n t i a l  energy ,  i t s  
t i m e  r a te  of change wi th  r e s p e c t  t o  t h e  a i r  mass r e f l e c t s  changes i n  a l t i t u d e  and 
a i r s p e e d  due t o  wind-veloci ty  changes.  Thus, i f  t o t a l  energy  rate can be measured, 
i n fo rma t ion  r e l a t i n g  t o  wind s h e a r  w i l l  be a v a i l a b l e .  A l s o ,  a measurement t h a t  pro- 
v ides  r e l a t i v e l y  f a s t  i n fo rma t ion  concern ing  wind s h e a r ,  such a s  t o t a l  energy  r a t e ,  
i s  p a r t i c u l a r l y  d e s i r a b l e  over  measurements t h a t  depend on t h e  s low response  of l a r g e  
a i r p l a n e s .  

T o t a l  energy r a t e  has  been used  p r e v i o u s l y  i n  r e s e a r c h  a p p l i c a t i o n s  f o r  wind- 
s h e a r  d e t e c t i o n  ( r e f .  3) and a l s o  for  a b a s i c  p i l o t e d  l o n g i t u d i n a l  s t a b i l i t y  and 
c o n t r o l  s tudy  ( r e f .  4 ) .  In  a d d i t i o n ,  a r e l a t i v e l y  s imple  and inexpens ive  t o t a l  
ene rgy- ra t e  s enso r  has  been developed f o r  measuring t h e  t i m e  rate of change of t h e  
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s p e c i f i c  energy (energy  per u n i t  weight )  of an a i r c r a f t  w i th  respect to  t h e  a i r  mass 
( r e f s .  5 t o  9) .  The senso r  system, c o n s i s t i n g  of a pressure-measuring probe i n  com- 
b i n a t i o n  wi th  an  i n - l i n e  a c o u s t i c  f i l t e r  and an  a l t i t u d e - r a t e  t r ansduce r ,  w a s  p rev i -  
o u s l y  eva lua ted  on both  a D e  Havi l land  DHC-6 Twin O t t e r  a i r p l a n e  ( r e f .  10) and on t h e  
Transpor t  Systems Research Vehic le  (TSRV) B-737 a i r p l a n e  a t  t h e  NASA Langley Research 
Center  ( r e f .  1 1 ) .  Both s t u d i e s  i n d i c a t e d  a p o s s i b l e  a p p l i c a t i o n  of t h e  senso r  t o  t h e  
wind-shear problem and p a r t i c u l a r l y  t o  t h e  au tomat ic  c o n t r o l  of an  a i r p l a n e  on f i n a l  
approach. Also, s i n c e  t h i s  s e n s o r  i s  s imple and r e l a t i v e l y  inexpens ive ,  it is  a good 
c a n d i d a t e  t o  be r e t r o f i t  on e x i s t i n g  a i rc raf t .  

The purpose of t h i s  s t u d y  i s  t o  determine t h e  r e s u l t s  of i n c o r p o r a t i n g  t h e  
energy-ra te  s enso r  i n t o  a n  au tomat i c  l o n g i t u d i n a l  c o n t r o l  system f o r  t h e  approach t o  
l and ing  of a t r a n s p o r t  a i r p l a n e  i n  a severe-wind-shear  and g u s t  environment.  Includ-  
i n g  g u s t s  (or  tu rbu lence )  w i th  wind s h e a r  c o n t r i b u t e s  t o  f l i g h t  haza rds  and i n c r e a s e s  
t h e  chances of an  a c c i d e n t  (ref.  2 ) .  A system model is developed which i n c o r p o r a t e s  
t h e  s i g n a l  from t h e  t o t a l  ene rgy- ra t e  sensor  ( i n c l u d i n g  s e n s o r  dynamics) i n t o  t h e  
a i r p l a n e  l o n g i t u d i n a l  equa t ions  of motion, and a c o n t r o l  system is  des igned  and ana- 
l yzed  bo th  wi th  and wi thou t  t h e  energy-ra te  measurement. I n  o r d e r  t o  account  f o r  
wind d i s t u r b a n c e s  i n  t h e  cont ro l - sys tem des ign  and a n a l y s i s ,  wind-veloci ty  e q u a t i o n s  
r e p r e s e n t a t i v e  of a l i n e a r l y  va ry ing  wind shea r  are inco rpora t ed  i n t o  t h e  system 
model, and wind-gust components are added a s  f o r c i n g  f u n c t i o n s .  The c o n t r o l  s t r u c -  
t u r e  s e l e c t e d  f o r  t h e  des ign  p resen ted  i n  t h i s  paper  is t h e  p r o p o r t i o n a l - i n t e g r a l -  
filter/command-generator t r a c k i n g  (PIF/CGT) (ref.  1 2 )  con t ro l - l aw  fo rmula t ion  com- 
b ined  wi th  opt imal -output  feedback.  

The feedback des igns  are ana lyzed  with frequency-domain con t ro l - theo ry  tech- 
n iques ,  whereas cont ro l - sys tem performance i s  eva lua ted  wi th  t ime-h i s to ry  p l o t s  from 
a complete  n o n l i n e a r  s i m u l a t i o n  of t h e  a i r p l a n e  combined wi th  a severe-wind-shear and 
g u s t  d a t a  package developed by S R I  I n t e r n a t i o n a l .  This  data package i n c l u d e s  a 
r e c o n s t r u c t i o n  of t h e  hazardous wind-shear environment t h a t  occur red  d u r i n g  t h e  
Kennedy a i rport  l and ing  a c c i d e n t ,  and t h i s  p r o f i l e  i s  used i n  t h e  e v a l u a t i o n .  This 
s t u d y  is  concerned wi th  cont ro l - sys tem s t a b i l i t y  and c o n t r o l  r e g u l a t i o n  c a p a b i l i t y  
when s u b j e c t e d  t o  a p a r t i c u l a r l y  hazardous wind-shear and g u s t  environment.  Opera- 
t i o n a l  performance aspects, such as 100-f t  d e c i s i o n  h e i g h t  c r i t e r i a  and touchdown 
d i s p e r s i o n ,  are impor tan t  b u t  were ziot considered in this r e sea rch .  

Th i s  paper p r e s e n t s  a d e s c r i p t i o n  of t h e  PIF/CGT cont ro l - law s t r u c t u r e  wi th  out-  
p u t  feedback,  t h e  development of t h e  des ign  model, and a summary of t h e  des ign ,  ana l -  
y s i s ,  and s i m u l a t i o n  r e s u l t s .  It  i s  shown t h a t  t h e  cont ro l - sys tem concepts  p re sen ted  
h e r e i n  r e s u l t  i n  acceptable d e s i g n s  from t h e  s t a n d p o i n t  of s t a b i l i t y  and c o n t r o l  reg-  
u l a t i o n ,  w i t h  o r  w i t h o u t  u s e  o f  t h e  t o t a l  ene rgy- ra t e  s e n s o r ,  and  t h a t  i n c l u s i o n  o f  
t h e  s e n s o r  is n o t  p a r t i c u l a r l y  advantageous.  This outcome may, however, be due t o  
t h e  a v a i l a b i l i t y  and accuracy  of t h e  measurements t h a t  were used i n  t h i s  s tudy .  
Energy-rate  feedback may be a n  advantage on commercial t r a n s p o r t s  t h a t  are n o t  
equipped w i t h  h i g h l y  accurate measurement systems,  o r  on commuter and q e n e r a l  av ia-  
t i o n  a i rc raf t ,  which t y p i c a l l y  have fewer a v a i l a b l e  measurements f o r  use  i n  au tomat i c  
c o n t r o l .  

D E S I G N  MODEL DEVELOPMENT 

I n  order t o  e v a l u a t e  t h e  a p p l i c a t i o n  of t h e  t o t a l  ene rgy- ra t e  s e n s o r  t o  t h e  
wind-shear problem, a l o n g i t u d i n a l  c o n t r o l  l a w  w a s  developed f o r  t h e  approach to  
l a n d i n g  of a n  a i r p l a n e  through wind shea r .  The c o n t r o l  s t r u c t u r e  s e l e c t e d  f o r  t h e  
d e s i g n  w a s  the proportional-integral-filter/command-generator t r a c k i n g  (PIF/CGT) 
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d i s c r e t e  control- law fo rmula t ion  ( r e f .  12)  combined wi th  opt imal -output  feedback 
( r e f .  1 3 ) .  This s e c t i o n  p rov ides  a b r i e f  d e s c r i p t i o n  of t h e  c o n t r o l  s t r u c t u r e  
fo l lowed by the  models r equ i r ed  f o r  t h e  des ign .  

The PIF formula t ion  i s  a l i n e a r  feedback c o n t r o l  s t r u c t u r e  t h a t  allows t h e  f eed -  
back of p r o p o r t i o n a l  and i n t e g r a t e d  s ta tes  and tha t  i n c o r p o r a t e s  a c o n t r o l  command 
f i l t e r  t o  accommodate computa t iona l  d e l a y  and t o  p rov ide  high-frequency-noise  sup- 
p r e s s i o n .  P r o p o r t i o n a l  p l u s  i n t e g r a l  feedback provides  p a r t i a l  t r i m  accommodation i n  
t h a t  t h e  t r i m  f o r  t h e  i n t e g r a t e d  s t a t e s  can be maintained wh i l e  t h e  p r o p o r t i o n a l  
s ta tes  go t o  new t r i m s .  The c o n t r o l  command f i l t e r  i s  implemented through the use  of 
commanded c o n t r o l  r a t e s  combined wi th  p r o p o r t i o n a l  control-position/command feedback.  
The use  of ou tpu t  feedback i n  t h e  des ign  p rec ludes  t h e  n e c e s s i t y  of e s t i m a t i n g  s t a t e s  
so t h a t  on ly  measurable a i r c r a f t  parameters need be inc luded  i n  t h e  o u t p u t ,  and sen-  
sor,  a c t u a t o r ,  and engine  dynamics can be accounted f o r  i n  t h e  s t a t e  model. The PIF  
feedback des ign  model i s  t h e r e f o r e  comprised of a l i n e a r  state ( p e r t u r b a t i o n )  model 
which inco rpora t e s  p l a n t ,  c o n t r o l ,  and i n t e g r a t o r  states i n  t h e  s t a t e  v e c t o r  and uses  
c o n t r o l  rates as commands. The o u t p u t  v e c t o r  c o n s i s t s  of s e l e c t e d  measurable  a i r -  
c r a f t  parameters  i n  a d d i t i o n  t o  t h e  c o n t r o l  and i n t e g r a t o r  s ta tes .  The feedback 
g a i n s  are computed f o r  t h e  d i s c r e t e  system model i n  o r d e r  t o  o b t a i n  a d i r e c t  d i g i t a l  
des ign .  

The CGT formula t ion  ( r e f .  14)  p rov ides  a means of i n c o r p o r a t i n g  command- 
g e n e r a t i n g  and t r a c k i n g  capabi l i t ies  i n t o  t h e  cont ro l - sys tem d e s i g n  through t h e  use  
of feedforward c o n t r o l  ga ins .  The feedforward d e s i g n  i s  implemented independen t ly  of 
t h e  feedback des ign  and requires a system des ign  model i n  a d d i t i o n  t o  a l i n e a r  com- 
mand model f o r  the  system to  t r a c k .  The system des ign  model c o n s i s t s  of t h e  p l a n t -  
s t a t e  model used i n  t h e  P I F  d e s i g n  wi th  t h e  i n t e g r a t o r  s t a t e s  as i t s  o u t p u t ,  and t h e  
command model i s  formula ted  such t h a t  i t s  o u t p u t  a l s o  cor responds  t o  t h e  i n t e g r a t o r  
s ta tes .  This  c o n s t r u c t i o n  enab le s  t h e  commands t o  t h e s e  states t o  be t r a c k e d  w i t h  
t y p e  1 system p r o p e r t i e s ,  t h u s  enhancing t h e  t r i m  accommodation aspect of t h e  d e s i g n  
provided by t h e  i n t e g r a t o r  s ta tes .  

The PIF/CGT feedback and €eedforward s t r u c t u r e s  are combined i n  a n  inc remen ta l  
form so t h a t  t h e  f l i g h t  equa t ions  can be expres sed  i n  t e r m s  of t o t a l  q u a n t i t i e s  
r a t h e r  than  p e r t u r b a t i o n s .  This p rec ludes  t h e  n e c e s s i t y  of s t o r i n g  t r i m  va lues .  A 
summary of t h e  equa t ions  involved  i n  t h e  PIF fo rmula t ion ,  i n  t h e  opt imal -output  feed-  
back des ign ,  i n  the  command g e n e r a t o r  f o r  t h e  feedforward des ign ,  and i n  t h e  i n t e g r a -  
t i o n  of t h e s e  s t r u c t u r e s  f o r  f l i g h t  implementat ion are p resen ted  i n  appendix A. 

The TSRV F3-737 a i r p l a n e  w a s  s e l e c t e d  f o r  t h e  d e s i g n  of t h i s  s t u d y  f o r  s e v e r a l  
reasons .  F i r s t ,  computer programs were a v a i l a b l e  in-house f o r  de t e rmin ing  t h e  
l i n e a r - p e r t u r b a t i o n  model f o r  some nominal f l i g h t  c o n d i t i o n  ( r e f .  1 5 )  and a l so  fo r  
performing a f u l l  non l inea r  s i m u l a t i o n  of t h e  a i r p l a n e  dynamic behav io r  i n  t h e  pres- 
ence  of senso r  noise  and e x t e r n a l  d i s t u r b a n c e s  such  as wind shea r .  Second, t h e  
ene rgy- ra t e  s enso r  system had a l r e a d y  been i n s t a l l e d ,  c a l i b r a t e d ,  and e v a l u a t e d  on 
t h i s  a i r p l a n e  i n  a prev ious  s tudy  ( r e f .  1 1 ) ,  which y i e l d e d  a f a i r l y  a c c u r a t e  second- 
o r d e r  dynamic model approximation t o  use  i n  t h e  des ign .  A l s o ,  t h i s  a i r p l a n e ,  w i t h  
t h e  s e n s o r s  a l r eady  i n s t a l l e d ,  could  be used f o r  f l i g h t  tests, if i n d i c a t e d .  The PIF 
augmented feedback-design model, i n c l u d i n g  t h e  p l a n t - ,  c o n t r o l - ,  and i n t e g r a t o r - s t a t e  
models, is  now presented ,  fol lowed by t h e  command model used i n  t h e  feedforward  
des ign .  
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The cont inuous  p l an t - ,  c o n t r o l - ,  and i n t e g r a t o r - s t a t e  models r e q u i r e d  f o r  t h e  
feedback des ign  are p resen ted  f i r s t ,  followed by t h e  PIF augmented d e s i g n  model. 

P l a n t - s t a t e  model.- The l i n e a r i z e d  cont inuous  p l a n t - s t a t e  model combines t h e  
l o n g i t u d i n a l  a i r c r a f t  states wi th  those  r e q u i r e d  f o r  modeling t h e  t o t a l  ene rgy- ra t e  
s enso r  ( i n c l u d i n g  senso r  dynamics). Wind equa t ions  are a l s o  i n c o r p o r a t e d  i n t o  t h e  
p l a n t  model so t h a t  wind d i s t u r b a n c e s  can be accounted f o r  i n  t h e  cont ro l - sys tem 
des ign  and a n a l y s i s .  Other states inc luded  i n  t h i s  model r e p r e s e n t  a l t i t u d e  and 
eng ine  dynamics. Appropr ia te  o u t p u t  parameters w e r e  s e l e c t e d  t o  be f e d  back t o  t h e  
c o n t r o l s .  The p l a n t - s t a t e  model i s  summarized below, and a l l  v a r i a b l e s  ( u n l e s s  
o t h e r w i s e  no ted )  r e p r e s e n t  p e r t u r b a t i o n s :  

X = AX + BU + BwW 

Yx = HxX 

where 

. .  
Yx = [Val  q, 8, h, ht h , , t lT  

( 3 )  

( 4 )  

(5) 

(6) 

The a i r c r a f t  l o n g i t u d i n a l  s ta tes  a r e  given by u, w, q ,  and 8 i n  equa t ion  ( 3 ) .  
These r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  l o n g i t u d i n a l -  and ve r t i ca l -body-ax i s  i n e r t i a l  
v e l o c i t y  components, t h e  p i t c h  rate,  and t h e  p i t c h  a t t i t u d e .  The l o n g i t u d i n a l  air- 
c r a f t  c o n t r o l s  i n c l u d e  e l e v a t o r  and t h r o t t l e  p o s i t i o n s ,  and t h e s e  are r e p r e s e n t e d  as 
6, and bth i n  equa t ion  ( 4 ) .  The l i n e a r i z e d  aerodynamic c o e f f i c i e n t s ,  needed f o r  
t h e  A and B matrices of equa t ion  (11, w e r e  ob ta ined  from t h e  computer program 
d e s c r i b e d  i n  r e f e r e n c e  15 f o r  t h e  f l i g h t  c o n d i t i o n  l i s t e d  i n  t a b l e  I. 

The n e x t  two states shown i n  equat ion  ( 3 )  r e p r e s e n t  t h e  l o n g i t u d i n a l  and v e r t i -  
c a l  wind-ve loc i ty  components and ww, expressed  i n  t h e  p o s i t i v e  l o n g i t u d i n a l  and 
ver t ica l  d i r e c t i o n s  of t h e  body axes.  These terms w e r e  i nc luded  as s ta tes  i n  t h e  
d e s i g n  model so t h e  c o n t r o l  l a w  could be des igned  and analyzed f o r  wind-shear d i s -  
turbances.  A l i n e a r i z e d  state wind model w a s  t h e r e f o r e  d e r i v e d  f o r  i n c o r p o r a t i o n  
w i t h  t h e  a i r f r a m e  dynamic model. The wind model d e s c r i b e s  a wind-shear v e l o c i t y  f o r  
which t h e  h o r i z o n t a l  and ver t ica l  components vary  l i n e a r l y  wi th  r e s p e c t  t o  a l t i t u d e .  
(Wind-ve loc i ty  dependence on a long- t rack  p o s i t i o n  w a s  no t  accounted f o r  i n  t h i s  
model, but  it could  e a s i l y  be inco rpora t ed  i n t o  t h e  model f o r  f u t u r e  s t u d i e s . )  Wind 
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v e l o c i t i e s  are obta ined  by i n t e g r a t i n g  h o r i z o n t a l  and v e r t i c a l  wind a c c e l e r a t i o n s .  
S ince  t h e  opt imal-output  feedback a lgo r i thm r e q u i r e s  a s t r i c t l y  s t a b l e  model, how- 
e v e r ,  t h e  wind-model equa t ions  used i n  t h e  des ign  r e p r e s e n t  a low-pass - f i l t e r  approx- 
imat ion  t o  t h i s  i n t e g r a t i o n  wi th  p o l e s  l o c a t e d  s l i g h t l y  i n t o  t h e  l e f t  ha l f -p l ane .  
The p o l e s  w e r e  subsequent ly  p laced  back a t  t h e  o r i g i n  t o  r e p r e s e n t  a t r u e  i n t e g r a t i o n  
€o r  t h e  a n a l y s i s .  This  wind-shear model w a s  p a t t e r n e d  a f t e r  one t h a t  w a s  presented 
i n  r e f e r e n c e  16 ,  and a complete d e r i v a t i o n  i s  provided i n  appendix B. 

Wind g u s t s  are inco rpora t ed  i n t o  t h e  p l a n t - s t a t e  model as an  a d d i t i o n a l  f o r c i n g  
f u n c t i o n ,  which is  r ep resen ted  as W i n  equa t ion  ( 1 ) .  A s  d e f i n e d  i n  equa t ion  (51, 
W i s  a two-element v e c t o r  c o n t a i n i n g  t h e  l o n g i t u d i n a l  and v e r t i c a l  wind-gust compo- 
n e n t s .  The wind-gust d i s t u r b a n c e  ma t r ix  Rw relates t h e s e  components t o  t h e  air- 
c r a f t  s ta tes  through t h e  same r e l a t i o n s h i p s  a s  t h e  a i r c r a f t  v e l o c i t y  components 
( r e f .  1 7 ) .  This  wind-gust v e c t o r  w a s  added to  t h e  des ign  model so t h a t  wind wsts 
could be inco rpora t ed  i n t o  t h e  opt imal -output  feedback des ign .  

The nex t  t w o  s t a t e s  t h a t  appear  i n  equa t ion  ( 3 1 ,  he l f  and belt, r e p r e s e n t  t h e  
second-order  dynamic model of t h e  ene rgy- ra t e  s enso r .  The model c o n s i s f s  of a l i n -  
e a r i z e d  expres s ion  f o r  t h e  s p e c i f i c  t o t a l  energy  rate of t h e  a i r p l a n e  
through a second-order low-pass f i l t e r  wi th  a p p r o p r i a t e  time c o n s t a n t s  ( r e f .  1 1 )  t o  
model t h e  energy-ra te  s enso r  dynamics. Appendix C c o n t a i n s  a complete d e r i v a t i o n  of 
t h e  l i n e a r i z e d  energy-ra te  equa t ion ,  g iven  by equa t ion  (C191,  and t h e  l i n e a r  s ta te  
model used f o r  the  senso r  dynamics, g iven  by equa t ion  ( C 2 0 ) .  

he passed  

The engine-dynamics s t a t e  Xth w a s  modeled as a f i r s t - o r d e r  l a g  wi th  a c u t o f f  
f requency s e t  equal  t o  0.75 r ad / sec ,  which i s  t h e  numerical  mean of t h e  c u t o f f  f re-  
quenc ie s  a s s o c i a t e d  with t h e  engine  response  d u r i n g  a c c e l e r a t i o n  and d e c e l e r a t i o n .  
This  va lue  w a s  used so t h e  average engine  response  between i ts  t w o  o p e r a t i o n a l  modes 
would be r e f l e c t e d  i n  t h e  des ign .  

The a l t i t u d e  s t a t e  h w a s  modeled wi th  t h e  equa t ion  for a l t i t u d e  rate g iven  i n  
equa t ion  (C15) of appendix C, s i n c e  p o t e n t i a l  energy  rate per u n i t  weight  is equiva-  
l e n t  t o  a l t i t u d e  rate by d e f i n i t i o n .  

The o u t p u t  v a r i a b l e s  s e l e c t e d  f o r  t h e  d e s i g n  are d e f i n e d  i n  e q u a t i o n  ( 6 ) .  These 

Only measurable  a i r c r a f t  q u a n t i t i e s  w e r e  i nc luded  a s  
inc lude  a i r s p e e d  V,, pitc? ra te  q, p i t c h  a t t i t u d e  0 ,  a l t i t u d e  h ,  a l t i t u d e  rate 
h ,  and t o t a l  energy r a t e  
o u t p u t s  i n  t h e  des ign  model. The e lements  of t h e  A, B, Bw, and Q matrices of 
equa t ions  ( 1  1 and ( 2 )  are d e f i n e d  i n  appendix D.  

belt. 

C o n t r o l - s t a t e  model .- The c o n t r o l - s t a t e  model r e q u i r e d  f o r  t h e  c o n t r o l  command 
f i l t e r  i s  formulated f o r  t h e  c o n t r o l - r a t e  e q u a t i o n  by 

u = v  ( 7 )  

where 
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I n t e g r a t o r - s t a t e  model.- The s t a t e s  t h a t  w e r e  i n t e g r a t e d  i n  t h e  PIF  des ign  model 
w e r e  a l t i t u d e  and a i r speed .  A l t i t u d e  w a s  i n t e g r a t e d  wi th  t h e  p l a n t  a l t i t u d e  s t a t e ,  
and a i r speed  w a s  i n t e g r a t e d  wi th  t h e  c o e f f i c i e n t s  d e f i n e d  i n  equa t ions  (D9) t o  (Dl31 
of appendix D. The i n t e g r a t o r - s t a t e  model can be w r i t t e n  as 

t 
~ 

i 

Z = A,X + B,U 

where 

and t h e  ma t r ix  e lements  of A, and RZ a r e  d e f i n e d  i n  appendix D. 

Augmented P IF- s t a t e  model.- The complete augmented-feedback-design model w a s  -__ 
ob ta ined  by combining t h e  p l a n t -  , con t ro l -  , and i n t e g r a t o r - s t a t e  models developed i n  
t h e  preceding  t h r e e  s e c t i o n s .  

1' 
L'Z 

where 

B 

0 

Bz I 0 

This model is summarized h e r e  as fo l lows :  

U + I V + O  n 

XI [:I '"1 .zl 
( 1 1 )  

The terms Hn and Hz of equa t ion  ( 1 2 )  are two-dimensional i d e n t i t y  matrices, which 
e n a b l e  t h e  c o n t r o l - p o s i t i o n  commands and i n t e g r a t e d  s ta tes  t o  be f ed  back t o  t h e  con- 
t ro l s .  The above cont inuous  s t a t e  model w a s  t hen  d i s c r e t i z e d  f o r  a sampling p e r i o d  
of  0.1 sec u s i n g  t h e  ORACLS computer program ( r e f .  1 8 )  as desc r ibed  i n  t h e  "PIF 
Formulat ion" s e c t i o n  of appendix A.  
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Command Model f o r  Feedforward Con t ro l  Design 

The l i n e a r  d i s c r e t e  command model t h a t  w a s  used for  t h e  feedforward c o n t r o l  
d e s i g n  conta ined  one s t a t e  and t w o  o u t p u t s  f o r  commanding a l t i t u d e  and a i r s p e e d  ( t h e  
same a i r c r a f t  s t a t e s  be ing  i n t e g r a t e d )  and is  g iven  by 

(16) 

where ic and V a r c  a r e  t h e  d e s i r e d - a l t i t u d e - r a t e  and des i r ed -a i r speed  i n p u t s  to  
t h e  command model, and and V,,, are t h e  commanded a l t i t u d e  and a i r s p e e d  model 
o u t p u t s  t o  be fol lowed.  The discrete sampling p e r i o d  AT is e q u a l  t o  0.1 sec. 

CONTROL-SYSTEM DESIGN AND ANALYSIS 

The model desc r ibed  i n  t h e  preceding  s e c t i o n  w a s  used t o  d e s i g n  t h e  PIF/CGT con- 
t r o l  system f o r  the  approach t o  l and ing  of t h e  TSRV B-737 a i r p l a n e .  This  s e c t i o n  
p r e s e n t s  t h e  feedback d e s i g n s ,  wi th  and wi thou t  energy-ra te  feedback,  t h a t  w e r e  ob- 
t a i n e d  wi th  t h e  output  feedback-desiqn proqram ( r e f .  13), an  a n a l y s i s  of each  d e s i g n  
from t h e  computer programs of r e f e r e n c e  19 and a n  in-house s ingu la r -va lue  package,  
t h e  feedforward design which w a s  ob ta ined  i n  t h e  manner d i s c u s s e d  i n  r e f e r e n c e  1 4 ,  
and a n  e v a l u a t i o n  us ing  a n o n l i n e a r  s i m u l a t i o n  program of t h e  TSRV B-737 a i r p l a n e .  

Feedback Design and Analys is  With T o t a l  Energy-Rate Feedback 

I n  o r d e r  t o  compute t h e  feedback g a i n s  v i a  t h e  opt imal -output  feedback-design 
program ( r e f .  131, a n  i n i t i a l  s e t  of weights  f o r  t h e  s ta tes  and controls and a n  i n i -  
t i a l  se t  of process-  and measurement-noise u n c e r t a i n t i e s  had t o  be a s s igned  SO t h a t  
t h e  d i s c r e t e  weight ing and cova r i ance  matrices r e q u i r e d  by t h e  o u t p u t  feedback algo-  
r i thm could  be obtained.  (See appendix A . )  The s ta te  and c o n t r o l  weights  w e r e  
ob ta ined  by computing t h e  i n v e r s e  squa re  of t h e  maximum a l lowab le  d e v i a t i o n  for each 
s ta te  and c o n t r o l .  These d e v i a t i o n s  w e r e  s e l e c t e d  based on t h e  cor responding  t r i m  
va lues .  The process-noise  u n c e r t a i n t i e s  were ob ta ined  by s e l e c t i n g  r easonab le  values 
wi th  r e s p e c t  t o  t r i m  (based on eng inee r ing  judgement) f o r  an  i n i t i a l  c o n d i t i o n  error 
f o r  each of t h e  s t a t e s  and c o n t r o l s  and hy a s s i g n i n g  u n c e r t a i n t y  va lues  f o r  s e v e r e  
wind g u s t s .  Measurement-noise u n c e r t a i n t i e s  w e r e  s e l e c t e d  t o  r e p r e s e n t  t y p i c a l  n o i s e  
s p e c t r a  €or t h e  sensors t h a t  are onboard t h e  TSRV B-737 a i r p l a n e .  

The i n i t i a l  s e t  of d i s c r e t e  weight ing  and cova r i ance  matrices w a s  t h e n  i n p u t  t o  
t h e  opt imal -output  feedback program a long  wi th  t h e  d i s c r e t e  system matrices ( f o r  t h e  
no-wind-shear case) i n  o r d e r  t o  o b t a i n  a n  i n i t i a l  set  of feedback g a i n s .  These g a i n s  
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were then  eva lua ted  wi th  frequency-domain a n a l y s i s  t echn iques  and n o n l i n e a r  simula- 
t i o n  t i m e  h i s t o r i e s .  Weightings o r  u n c e r t a i n t i e s  o r  bo th  w e r e  modified t o  improve 
system s t a b i l i t y  and performance c h a r a c t e r i s t i c s ,  and a new set  of g a i n s  w a s  computed 
and eva lua ted .  This p rocess  cont inued  u n t i l  a f i n a l  set  of g a i n s  w a s  ob ta ined .  A 
l i s t i n g  of a l l  t h e  weight ings  and u n c e r t a i n t i e s  used i n  t h e  f i n a l  des ign  is  p r e s e n t e d  
i n  t a b l e  11, and t h e  cor responding  feedback ga ins  are l i s t e d  i n  t a b l e  111. 

I n  o r d e r  t o  ana lyze  each des ign ,  t h e  closed-loop e igenva lues  were computed, and 
t h e  g a i n  and phase margins w e r e  ob ta ined  using Bode and s i n g u l a r - v a l u e  p l o t s .  The 
Bode p l o t s  were computed wi th  the loop broken a t  t h e  a c t u a t o r  i n p u t s  ( r a t h e r  than a t  
t h e  rate commands) f o r  each c o n t r o l  s e p a r a t e l y  wh i l e  t h e  o t h e r  c o n t r o l  loop remained 
c losed .  Only the i n p u t  cor responding  t o  the  opened c o n t r o l  response  w a s  cons idered .  
The s i n g u l a r - v a l u e  p l o t s  w e r e  computed wi th  both  c o n t r o l  loops broken a t  t h e  actuator  
i n p u t s  f o r  a d d i t i v e  and m u l t i p l i c a t i v e  d i s t u r b a n c e s .  This  a n a l y s i s  w a s  performed f o r  
t h e  des ign  case w i t h  no wind s h e a r  and a l s o  f o r  a s e l e c t e d  case w i t h  s e v e r e  wind 
s h e a r ,  bo th  of which were run wi th  the small wind po le s  ( r e f e r r e d  t o  p r e v i o u s l y )  se t  
t o  z e r o  t o  r e p r e s e n t  t h e  t r u e  wind-shear i n t e g r a t i o n .  The g r a d i e n t s  f o r  t h e  o f f -  
d e s i g n  case w e r e  e s t ima ted  from a r e c o n s t r u c t i o n  of t h e  Kennedy a i r p o r t  wind-shear 
environment ( r e f e r r e d  t o  i n  t h e  " I n t r o d u c t i o n " ) ,  which w a s  developed as a s o f t w a r e  
package by SRI I n t e r n a t i o n a l  and is shown i n  f i g u r e  1 .  This p r o f i l e  w a s  gene ra t ed  
f o r  t h e  nominal f l i g h t  p a t h  of t h e  a i r p l a n e  under c o n t r o l  of t h e  above des ign ,  w i t h  
f l a r e  be ing  i n i t i a t e d  a t  42 f t  above t h e  runway. The a l t i t u d e  and a long- t rack  pos i -  
t i o n  shown i n  t h e  f i g u r e  are p l o t t e d  wi th  r e s p e c t  t o  t h e  a i r p l a n e  c e n t e r  of g r a v i t y  
(c.9. 1, and t h e  z e r o  p o i n t  on t h e  x s c a l e  is l o c a t e d  a t  t h e  end of t h e  runway 
b e f o r e  touchdown. The g r a d i e n t s  w e r e  c a l c u l a t e d  f o r  s p e c i f i c  t i m e  p e r i o d s  based on a 
nominal s i n k  rate of 11  f t / s e c .  As shown i n  f i g u r e  1 ,  the most s e v e r e  g r a d i e n t s  of 
t h e  hor izonta l -wind-shear  component occurred approximate ly  from 46 t o  54 sec and from 
74 t o  83 sec, and those  f o r  the ver t ica l -wind-shear  component occurred  from 56 t o  
60 sec, from 64 t o  74 sec, and from 74 t o  86 s e c .  These g r a d i e n t s  were then  p a i r e d  
t o g e t h e r  t o  r e p r e s e n t  t h r e e  real is t ic  b u t  s e v e r e  environments.  The open-loop eigen- 
va lues  w e r e  computed f o r  each,  and t h e  worst  case w a s  s e l e c t e d  f o r  t h e  o f f -des ign  
a n a l y s i s .  Table IV l is ts  the open-loop shor t -pe r iod  and phugoid p o l e s  f o r  each of 
t h e s e  wind-shear environments,  and t a b l e  V summarizes t h e  a n a l y s i s  r e s u l t s  f o r  t h e  
f i n a l - d e s i g n  and off -des ign  cases. An i n c r e a s i n g  headwind ( t a i l w i n d )  is r e p r e s e n t e d  
as +HW (+TW), and an i n c r e a s i n g  u p d r a f t  (downdiaft) is r e p r e s e n t e d  as +UD (+DD). 
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S ince  t h e  phugoid p o l e s  are t h e  most u n s t a b l e  f o r  t h e  t h i r d  wind-shear c o n d i t i o n  
l i s t e d  i n  table IV, t h i s  w a s  s e l e c t e d  as t h e  of f -des ign  wors t  case c o n d i t i o n  f o r  t h e  
feedback  a n a l y s i s .  The e igenva lues  given i n  table V are l i s t e d  wi th  t h e  phuqoid 
p o l e s  f i r s t ,  t h e  sho r t -pe r iod  p o l e s  second, followed by t h e  remaining p o l e s  of t h e  
sys tem l i s t e d  i n  o r d e r  of i n c r e a s i n g  value.  In  t h e  open-loop e igenva lues  f o r  t h e  
d e s i g n  case, -1.13 and -2.40 r e p r e s e n t  r e s p e c t i v e l y  t h e  a c o u s t i c - f i l t e r  and t r a n s -  
d u c e r  dynamics of the ene rgy- ra t e  s enso r ,  -0.75 r e p r e s e n t s  t h e  engine-dynamics s ta te ,  
two of t h e  p o l e s  a t  t h e  o r i g i n  r e p r e s e n t  t h e  wind states ( s i n c e  t h e  small wind p o l e s  
w e r e  s e t  t o  z e r o  t o  r e p r e s e n t  a t r u e  wind-shear i n t e g r a t i o n  f o r  the a n a l y s i s ) ,  and 
t h e  f i v e  remaining p o l e s  a t  t h e  o r i g i n  r e p r e s e n t  t h e  a l t i t u d e  s ta te ,  t h e  e l e v a t o r  
c o n t r o l  s ta te ,  the t h r o t t l e  c o n t r o l  s t a t e ,  and t h e  two i n t e g r a t o r  s ta tes  f o r  a l t i t u d e  
and a i r s p e e d .  The u n s t a b l e  po le  l i s t e d  under t h e  c losed- loop  e igenva lues  f o r  t h e  
o f f - d e s i g n  case is  due t o  t h e  wind s t a t e s  (which are u n c o n t r o l l a b l e )  and i s  n o t  
i n d i c a t i v e  of an u n s t a b l e  a i r c r a f t  system. The ga in  and phase margins (GM and PM) 
computed i n  t h e  Bode a n a l y s i s  r e p r e s e n t  t h e  s t a b i l i t y  margins of t h e  system when one 
c o n t r o l  l oop  is opened. The g a i n  and phase margins computed i n  t h e  s i n g u l a r  v a l u e  
a n a l y s i s ,  however, r e p r e s e n t  t h e  guaranteed s t a b i l i t y  margins of the system f o r  
e i t h e r  a d d i t i v e  o r  m u l t i p l i c a t i v e  d i s t u r b a n c e s  when both  c o n t r o l  loops are open. 
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Feedback Design and Analys is  Without Energy-Rate Feedback 

The feedback system p resen ted  i n  t h e  preceding  s e c t i o n  w a s  redes igned  w i t h o u t  
ene rgy- ra t e  feedback wi th  t h e  same weights  and u n c e r t a i n t i e s  as those  g iven  i n  
t a b l e  11. The va lues  a s s o c i a t e d  wi th  t h e  energy-ra te  s i g n a l ,  however, were modi f ied  
such  t h a t  energy r a t e  could be removed from t h e  system wi thou t  reducing  t h e  o r d e r  of 
t h e  model. These mod i f i ca t ions  inc luded  reducing  t h e  weight ing  on t h e  t w o  energy-  
r a t e  states t o  zero ,  d e c r e a s i n g  t h e  u n c e r t a i n t y  a s s o c i a t e d  wi th  t h e s e  states to  
0.001, and i n c r e a s i n g  t h e  u n c e r t a i n t y  a s s o c i a t e d  wi th  t h e  energy-ra te  measurement t o  
100. A l l  t h e s e  changes tended t o  f o r c e  t h e  g a i n s  a s s igned  t o  t h e  energy-ra te  s i g n a l  
toward ze ro ,  which e f f e c t i v e l y  removed it from t h e  feedback loop.  Table  V I  l i s ts  t h e  
g a i n s  ob ta ined  f o r  t h e  r edes ign  wi thou t  energy-ra te  feedback,  and t h e  cor responding  
a n a l y s i s  is  summarized i n  table  V I 1  f o r  bo th  t h e  des ign  and t h e  o f f -des ign  c a s e .  

The open-loop e igenva lues  are n o t  r epea ted  i n  t a b l e  V I I  because they  are t h e  
same a s  those  l i s t e d  i n  t a b l e  V. The a n a l y s i s  r e s u l t s  i n d i c a t e  some d i f f e r e n c e s  i n  
t h e  c losed- loop  e igenva lues  and s t a b i l i t y  margins f o r  t h e  t w o  d e s i g n s ,  b u t  most of 
t h e s e  d i f f e r e n c e s  are smal l .  For t h e  o f f -des ign  case, f e e d i n g  back energy  r a t e  
appea r s  t o  move t h e  phugoid p o l e s  s l i g h t l y  f a r t h e r  i n t o  t h e  l e f t  ha l f -p lane .  I n  
a d d i t i o n ,  t h e  phase margins f o r  t h e  energy-rate-feedback d e s i g n  are s l i g h t l y  be t te r ,  
p a r t i c u l a r l y  when t h e  t h r o t t l e  loop  i s  open. These r e s u l t s  s u g g e s t  t h a t  t h e  energy- 
ra te  s i g n a l  may provide  added phugoid-mode s t a b i l i t y  i n  wind s h e a r ,  b u t  t h e  amount 
may be n e g l i g i b l e  i n  t h i s  a p p l i c a t i o n .  Removing t h e  ene rgy- ra t e  s i g n a l ,  a l t e r n a -  
t i v e l y ,  seems t o  provide  a l i t t l e  more damping t o  t h e  phugoid and shor t -pe r iod  modes 
f o r  bo th  t h e  des ign  and t h e  of f -des ign  case .  

Feedforward Design and Analys is  

The feedforward g a i n s  w e r e  computed as i n  r e f e r e n c e  14 f o r  t h e  a l t i t u d e  and a i r -  
speed command model de f ined  i n  equa t ions  ( 1 5 )  and ( 1 6 ) .  S ince  t h e  s t a t e  model and 
t h e  s t a t e s  t o  be i n t e g r a t e d  were n o t  a l t e r e d  f o r  t h e  two feedback d e s i g n s  ( w i t h  and 
wi thou t  energy-ra te  feedback) ,  t h e  feedforward d e s i g n  w a s  t h e  same f o r  bo th  systems.  
The feedforward ga ins  are t h e r e f o r e  summarized f o r  e i t h e r  system as fo l lows:  
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1.0100 

-0.41 500 
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-0.001 80 
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0.09940 

0 - 

- 
0.00049 
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1 .ooooo 
1 .ooooo 
0.62800 

- 0  

A21 = [;I 
1 0.1170 0.1010 

A22 = [ 0.6280 0.0994 

(19) 

( 2 0 )  

I n  order t o  ana lyze  t h e  feedforward c o n t r o l  system, a n o n l i n e a r  s i m u l a t i o n  of 
t h e  TSRV B-737 airplane w a s  used wi th  implementat ion of a l t i t u d e  and a i r s p e e d  com- 
mands which were computed wi th  t h e  command model of equa t ions  (15) and (16) for t h e  
a l t i t u d e  rate and a i r s p e e d  i n p u t  commands shown i n  f i g u r e  2. The a l t i t u d e - r a t e  and 
a i r s p e e d  command-model i n p u t s  were computed from a c o n s t a n t  d e s i r e d - a l t i t u d e  acceler- 
a t i o n  and airspeed rate,  r e s p e c t i v e l y .  P ~ ~ J ' x P  3 shows t h e  r e s u l t s  of t h e  n o n l i n e a r  
s i m u l a t i o n  of  t h e  TSRV 5737 fo l lowinq  t h e s e  commands i n  an  environment which is 
uncorrupted  by e i t h e r  n o i s e  o r  wind. Since no wind w a s  in t roduced  i n t o  t h e  system, 
t h e  ground-speed p lo t  of f i g u r e  3 shows the  a i r p l a n e  t r a c k i n g  t h e  v e l o c i t y  (or a i r -  
speed)  command. The a l t i t u d e - r a t e  response of t h e  a i r p l a n e  i s  a lso fo l lowing  t h e  
d e s i r e d - a l t i t u d e  rate. The plots  of a i r s p e e d  error AVa and a l t i t u d e  e r r o r  Ah, 
which i n d i c a t e  t h e  d i f f e r e n c e  between the  a c t u a l  o u t p u t  and t h e  commanded va lue ,  show 
t h a t  the a i r p l a n e  a l t i t u d e  and a i r s p e e d  fol lowed t h e  command-model o u t p u t s  e x c e p t  
d u r i n g  t h e  t r a n s i t i o n s ,  w i th  a i r s p e e d  having t h e  s lower  response.  The a l t i t u d e  mea- 
surement  used i n  t h i s  s i m u l a t i o n  run  w a s  radar a l t i t u d e .  This  s i g n a l ,  however, i s  
g e n e r a l l y  replaced on t h e  a i r p l a n e  by a th i rd -o rde r  complementary- f i l t e r  estimate 
( r e f .  201, which i s  computed wi th  respect t o  t h e  runway coord ina te s .  F igure  4 shows 
t h e  same command-following s i m u l a t i o n  run wi th  r a d a r  a l t i t u d e  r ep laced  by t h i s  a l t i -  
t u d e  estimate from a complementary f i l t e r .  During f l i g h t ,  t h i s  f i l t e r  is i n i t i a l i z e d  
pr ior  t o  engaging  t h e  c o n t r o l  system so t h a t  i n i t i a l i z a t i o n  t r a n s i e n t s  can damp o u t .  
T h i s  t a k e s  approximate ly  60 t o  80 sec. I n  this s imula t ion ,  however, t h e  complemen- 
t a r y  f i l t e r  w a s  n o t  i n i t i a l i z e d  p r i o r  t o  engaging t h e  c o n t r o l  system. Therefore ,  i n  
t h e  f i g u r e ,  it is  clear t h a t  the a l t i t u d e  response  has  been degraded due t o  t h e s e  
i n i t i a l i z a t i o n  t r a n s i e n t s  i n t roduced  by t h e  complementary f i l t e r ,  p a r t i c u l a r l y  s i n c e  
t h e  f i l t e r  dynamics w e r e  n o t  i nc luded  i n  t h e  des ign  model. This  e f f e c t  i s  e v i d e n t  
d u r i n g  t h e  f i r s t  60 sec of t h e  a l t i t u d e - e r r o r  p l o t ,  which i s  c o n s i s t e n t  wi th  t h e  t i m e  
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c o n s t a n t s  a s s o c i a t e d  wi th  t h e  complementary- f i l t e r  response.  The s i m u l a t i o n s  pre- 
s e n t e d  i n  t h e  next  s e c t i o n  a l l  use  t h i s  complementary- f i l t e r  estimate f o r  a l t i t u d e  
r a t h e r  t h a n  r ada r  a l t i t u d e .  Therefore ,  a d d i t i o n a l  e r r o r  i n  the Ah plots  w i l l  be 
p r e s e n t ,  p a r t i c u l a r l y  du r ing  t h e  f i r s t  60 sec, t h a t  should n o t  occur  i n  a c t u a l  
p r a c t i c e .  

CONTROL-SYSTEM PERFORMANCE 

I n  o r d e r  t o  e v a l u a t e  cont ro l - sys tem s t a b i l i t y  and c o n t r o l  r e g u l a t i o n  c a p a b i l i t y  
under  hazardous wind-shear and g u s t  c o n d i t i o n s ,  t h e  cont ro l - sys tem d e s i g n s  w e r e  
implemented (us ing  t h e  f l i g h t  equa t ions  p re sen ted  i n  appendix A )  i n  a n o n l i n e a r  simu- 
l a t i o n  of t h e  TSRV E 7 3 7  which w a s  used i n  con junc t ion  wi th  t h e  SRI I n t e r n a t i o n a l  
wind-shear and g u s t  d a t a  package. Opera t iona l  performance aspects, such as 100- f t  
d e c i s i o n  h e i g h t  c r i t e r i a  and touchdown d i s p e r s i o n ,  were n o t  cons idered  i n  t h i s  eva lu-  
a t i o n .  The s imula t ions  began wi th  t h e  trimmed a i r p l a n e  l o c a t e d  on a 3' g l i d e  s l o p e  
a t  a mean-sea-level a l t i t u d e  of approximately 1300 f t .  The a i r p l a n e  w a s  commanded t o  
descend down t h e  g l i d e  slope a t  c o n s t a n t  a i r s p e e d  u n t i l  t h e  a i r p l a n e  i n i t i a t e d  f l a r e  
a t  42 f t  above the  runway. During f l a r e ,  t h e  a i r c r a f t  w a s  commanded to  follow an  
e x p o n e n t i a l  p a t h  wi th  a c o n s t a n t  d e c e l e r a t i o n  of 3 f t / s e c  . The s i m u l a t i o n s  ended 
when touchdown occurred.  The a i r p l a n e  e q u a t i o n s  of motion w e r e  computed e v e r y  
0.05 sec, and the  c o n t r o l  commands w e r e  updated eve ry  0.10 sec f o r  a d e s i r e d  a l t i t u d e  
a l o n g  t h e  g l i d e  slope and a d e s i r e d  a i r s p e e d .  A slower sampling rate w a s  s u f f i c i e n t  
f o r  implementing t h i s  c o n t r o l  system because it is a d i r e c t  d i g i t a l - c o n t r o l - l a w  
des ign .  This  i s  a major advantage of per forming  a d i r e c t  d i g i t a l  d e s i g n  over d i s -  
c r e t i z i n g  a cont inuous cont ro l - law des ign .  The 0.10-sec t i m e  increment  w a s  s e l e c t e d  
f o r  t h i s  a p p l i c a t i o n  based on p rev ious  expe r i ence  i n  implementing a d i g i t a l  c o n t r o l  
system on t h e  TSRV B-737 ( r e f .  21 ) .  All t h e  s i m u l a t i o n  r e s u l t s  d i s c u s s e d  i n  t h i s  
s e c t i o n  w e r e  f o r  t h e  Kennedy a i r p o r t  wind-shear r e c o n s t r u c t i o n  shown i n  f i g u r e  1 
combined wi th  a corresponding g u s t  package t h a t  c o n t a i n s  root-mean-square ( r m s  1 g u s t  
i n t e n s i t i e s  up t o  13 f t / s e c  ( r e f .  22) .  The l a t e ra l -wind-ve loc i ty  component was s e t  
t o  ze ro ,  however, t o  reduce l a t e ra l  e f f e c t s .  F igure  5 shows a t ime-h i s to ry  p lo t  of 
t h i s  wind-shear and g u s t  environment as it w a s  used i n  t h e  s i m u l a t i o n s ,  a l though  t i m e  
varies s l i g h t l y  f o r  each run  due t o  va ry ing  ground speed.  All t h e  d e s i g n  r u n s  pre- 
s e n t e d  used t h e  a l t i t u d e  estimate from t h e  t h i r d - o r d e r  complementary f i l t e r  r a t h e r  
t han  t h e  r a d a r  a l t i t u d e ,  and measurement n o i s e  which w a s  r e p r e s e n t a t i v e  of t h e  sen-  
sors onboard t h e  a i r p l a n e  w a s  i nco rpora t ed  i n t o  t h e  s i m u l a t i o n s .  P o s i t i o n  and ra te  
l i m i t s  f o r  t h e  con t ro l - su r face  servos and actuators  were a l s o  inc luded .  Lateral con- 
t r o l  w a s  implemented w i t h i n  t h e  s i m u l a t i o n  f o r  ma in ta in ing  t h e  wings level  and t h e  
d e s i r e d  heading,  bu t  t h e r e  w a s  no c losed- loop  c o n t r o l  f o r  l o c a l i z e r  t r a c k i n g .  This 
s e c t i o n  p r e s e n t s  t h e  s i m u l a t i o n  r e s u l t s  f o r  t h e  cont ro l - sys tem d e s i g n  bo th  w i t h  and 
wi thou t  energy-ra te  feedback ( f i g s .  6 t o  91, fo l lowed by t h e  performance of t h e  TSRV 
B-737 ins t rumen t  landing  system (ILS) au to l and  system i n  t h i s  environment  as a com- 
p a r i s o n  ( f i g .  1 0 ) .  I n  o r d e r  t o  p rov ide  in fo rma t ion  r ega rd ing  a i r c r a f t  a l t i t u d e  i n  
t h e s e  r e s u l t s  ( f i g s .  6 t o  l o ) ,  the p o i n t  a t  which t h e  a i r p l a n e  is  approximate ly  
100 f t  above t h e  runway is  i n d i c a t e d  a l o n g  t h e  t i m e  scale o f  t h e  f i g u r e s .  A br ie f  
d i s c u s s i o n  of robus tness  i s  t h e n  p r e s e n t e d  f o r  s e v e r a l  o f f -nominal  c a s e s  i n  which 
basic a i r p l a n e  parameters  such  as c.g. l o c a t i o n ,  weight ,  and  a i r s p e e d  w e r e  v a r i e d .  
S l i g h t  v a r i a t i o n s  i n  t h e s e  parameters had  l i t t l e  e f f e c t  on  con t ro l - sys t em p e r f o r -  
mance, so  i n c l u s i o n  o f  t h e s e  e f f e c t s  as separate f i g u r e s  w a s  n o t  warran ted .  However, 
i n  o r d e r  t o  p r e s e n t  t h e s e  e f f e c t s  i n  t h i s  paper ,  t h e  r e s u l t s  p r e s e n t e d  i n  f i g u r e s  6 
t o  9 are  t h o s e  f o r  which t h e  a i r p l a n e  c.g. w a s  s l i g h t l y  d i f f e r e n t  f rom t h e  d e s i g n .  
The g l i d e - s l o p e  ang le  w a s  t h e n  i n c r e a s e d  t o  50 and  t h e s e  r e s u l t s  f o r  e a c h  d e s i g n  are 
p resen ted  i n  f i g u r e s  11 and 12. A l l  t h e s e  p l o t s  r e p r e s e n t  t o t a l  a i r c r a f t  q u a n t i t i e s  
e x c e p t  where noted.  

2 
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Performance of t h e  Design With Energy-Rate Feedback 

Nonlinear  s i m u l a t i o n  r e s u l t s  f o r  t h e  control-system des ign  wi th  t o t a l  energy- 
rate feedback a r e  shown i n  f i g u r e s  6 and 7. The f i r s t  c a s e  ( f i g .  6 )  c o n t a i n s  air- 
speed i n  t h e  measurement se t  ( s e e  eq. (611, whereas t h e  second c a s e  ( f i g .  7 )  c o n t a i n s  
t h e  v e l o c i t y  V, which d i s t r i b u t e s  t h e  v e l o c i t y  feedback g a i n s  between a i r s p e e d  
and ground speed V acco rd ing  t o  t h e  fo l lowing  implementat ion:  

Va 
9 

where 

c = o  ('a,m < Vg' 

i s  f o r  t o t a l  a i r s p e e d  c o n t r o l  

i s  f o r  l i n e a r  d i s t r i b u t i o n  between a i r speed  and ground speed,  and 

c = l  

( 2 2 )  

( 2 4 )  

i s  f o r  t o t a l  ground-speed c o n t r o l .  

I n  e q u a t i o n s  ( 2 2 )  t o  (241 ,  
is de termined  by t h e  a l lowab le  lower l i m i t  on ground speed. This  mod i f i ca t ion  does  
n o t  a l t e r  t h e  v a l i d i t y  of t h e  des ign  ana lyses  s i n c e  t h e  t o t a l  v e l o c i t y  g a i n s  remain 
unchanged. I n  most c a s e s ,  va w i l l  have t h e  l a r g e r  component of feedback g a i n ,  and 
f o r  t h e  c a s e  of a t a i l w i n d ,  a l l  t h e  feedback g a i n  i s  app l i ed  t o  r e g u l a t i o n  of 
The l i m i t  of 50 f t / s e c  w a s  s e l e c t e d  f o r  V R  
wind change from a headwind t o  a ta i lwind .  

V,,, i s  t h e  a i r s p e e d  gene ra t ed  by t h e  CGT model, and V R  

Va. 
t o  p reven t  s t a l l  i n  case  of a sudden 

From f i g u r e  6, t h e  wors t  a l t i t u d e  e r r o r  Ah is  -65 f t ,  wi th  one- th i rd  of t h i s  
e r r o r  caused by t h e  complementary- f i l t e r  i n i t i a l i z a t i o n  t r a n s i e n t s .  The a i r s p e e d  
d a t a  show t i g h t  t r a c k i n g  through t h e  peak headwind of approximately 60 f t / s e c ,  which 
occur red  a t  around 70 s e c  i n t o  t h e  run.  During t h e  t ime pe r iod  of 85 t o  110 sec, 
however, Ava d e c r e a s e s  by 70 f t / s e c ,  V d rops  t o  130 f t / s e c ,  a i n c r e a s e s  t o  
17O, o i n c r e a s e s  t o  24O, and 6th reaczes  s a t u r a t i o n  (60'). It is i n t e r e s t i n g  t o  
n o t e  t h a t  t h i s  time pe r iod  cor responds  t o  a d e c r e a s i n g  headwind and a d e c r e a s i n g  
downdraf t ,  a s  shown i n  f i g u r e  5, and can be r e l a t e d  t o  t h e  i n c r e a s i n g  t a i l w i n d  and 
i n c r e a s i n g  u p d r a f t  c o n d i t i o n  eva lua ted  i n  t h e  "Control-System Design and Analys is"  
s e c t i o n  and found t o  induce  phugoid-mode i n s t a b i l i t y .  Although t h e  s i m u l a t i o n  does  
n o t  i n d i c a t e  t h a t  s t a l l  occurred ,  t h e  a i r c r a f t  may a c t u a l l y  reach  s t a l l  under t h e s e  
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c o n d i t i o n s  due t o  s e v e r a l  f a c t o r s  that w e r e  n o t  accounted f o r  i n  t h e  s i m u l a t i o n .  For 
example, s l i g h t  asymmetries t h a t  e x i s t  i n  t h e  wings of t h e  a i r c r a f t  w e r e  n o t  modeled 
i n  t h e  s imula t ion .  Also ,  l a t e ra l  e f f e c t s  due t o  winds and c losed- loop  l o c a l i z e r  
t r a c k i n g  were not  inc luded .  E i t h e r  of t h e s e  f a c t o r s  could cause  a wing t o  s t a l l  
under  t h e  cond i t ions  of l o w  Va and h igh  a shown i n  f i g u r e  6, r e s u l t i n g  i n  t h e  
a i r c r a f t  reaching  s t a l l .  1 

The implementation of t h e  c o n t r o l  system w a s  t h e r e f o r e  modif ied as p r e v i o u s l y  
d i s c u s s e d  t o  l i m i t  d ec reases  i n  V whi le  main ta in ing  enough va c o n t r o l  t o  p r e v e n t  
s t a l l  d u r i n g  severe  s h i f t s  from headwind t o  t a i l w i n d  s h e a r s .  These r e s u l t s  are pre-  
s e n t e d  i n  f i g u r e  7. I n  c o n t r a s t  t o  f i g u r e  6,  t h i s  f i g u r e  shows t h a t  Va is al lowed 
t o  i n c r e a s e  dur ing  t h e  l a r g e  headwind, w i th  t h e  subsequent  d e c r e a s e  be ing  much 
smaller than  i n  the prev ious  case. I n  f a c t ,  Va never  d e c r e a s e s  ve ry  much below t h e  
commanded va lue .  Furthermore,  6tb j u s t  touches s a t u r a t i o n ,  0 remains r e l a t i v e l y  
l o w  d u r i n g  t h e  severe-wind-shear t i m e  pe r iod ,  and a remains r e l a t i v e l y  c o n s t a n t  
th roughout  t h e  en t i re  approach and landinq .  The t o t a l  run t i m e  is  approximate ly  
5 sec s h o r t e r  because of b e t t e r  r e g u l a t i o n  of 

9 I 

v9' 

O p e r a t i o n a l  a s p e c t s  t h a t  w e r e  n o t  addressed  i n  t h i s  s tudy  inc lude  t h e  100- f t  
d e c i s i o n  h e i g h t  c r i t e r i a  f o r  con t inu ing  t h e  approach or implementing a go-around 
( t h i s  i n c l u d e s  main ta in ing  an  adequate  t h r u s t  r e s e r v e  f o r  e f f e c t i n g  a qo-around, i f  
necessa ry )  and touchdown c o n d i t i o n s  f o r  an  a c c e p t a b l e  landing .  These o p e r a t i o n a l  
a s p e c t s  could  probably be improved by us ing  a d d i t i o n a l  implementat ion t echn iques  
s imilar  t o  t h e  one p resen ted  h e r e  and by g a i n  schedu l ing .  For example, a n  upper  
l i m i t  was implemented i n  t h e  same manner a s  t h e  lower l i m i t  i n  a n  e f f o r t  t o  reduce  
t h e  h i g h  a t  touchdown, and t h i s  proved to  be e f f e c t i v e  i n  accompl ish ing  t h e  
d e s i r e d  r educ t ion .  These r e s u l t s  w e r e  n o t  i nc luded  i n  t h e  f i q u r e s ,  however, because  
they  w e r e  p re l imina ry  i n  na tu re  and a d d i t i o n a l  m o d i f i c a t i o n s  would s t i l l  be r e q u i r e d  
f o r  a n  o p e r a t i o n a l l y  accep tab le  touchdown, which w a s  n o t  an o b j e c t i v e  of t h i s  s tudy .  

v9 

Vg 

Performance of t h e  Design Without Energy-Rate Feedback 

The same s imula t ion  r e s u l t s  as those  j u s t  p re sen ted  f o r  t h e  d e s i g n  wi th  enerqy- 
ra te  feedback are repea ted  i n  f i g u r e s  8 and 9 f o r  t h e  r e d e s i g n  of t h e  c o n t r o l  system 
w i t h o u t  energy-ra te  feedback. As shown i n  f i g u r e  8, removing t h e  ene rgy- ra t e  mea- 
surement a c t u a l l y  appears  t o  s l i g h t l y  improve c o n t r o l  r e g u l a t i o n  c a p a b i l i t y .  The 
v a l u e  AVa i s  reduced t o  approximate ly  -56 f t / s e c ,  a i s  reduced  t o  15O, and  0 i s  
reduced t o  abou t  2 2 O ,  while  t h e  maximum Ah error remains abou t  t h e  same. I n  add i -  
t i o n ,  6, and 6th a c t i v i t y  is s l i g h t l y  reduced when t h e  energy-ra te  S i g n a l  is  
removed. The r e s u l t s  shown i n  f i g u r e  9 a l so  i n d i c a t e  a s l i g h t  improvement i n  t h e  
c o n t r o l - r e g u l a t i o n  c a p a b i l i t y  of t h e  r edes ign  w i t h o u t  ene rgy- ra t e  feedback,  a l though  
t h e  d i f f e r e n c e s  between t h i s  f i g u r e  and f i g u r e  7 are less pronounced than  t h o s e  
between f i g u r e  8 and f i g u r e  6. The o v e r a l l  r e s u l t s  f o r  t h e  t w o  d e s i q n s  are v e r y  
s imilar ,  however, and both  sets of r e s u l t s  i n d i c a t e  a d rama t i c  improvement i n  t h e  
r e g u l a t i o n  c a p a b i l i t y  of t h e  implementat ions wi th  d i s t r i b u t e d  Va and Vg c o n t r o l  
ove r  t hose  wi th  Va c o n t r o l  only.  

TSRV B-737 ILS  Autoland-System Performance 

The performance of t h e  in s t rumen t  l and ing  system (ILS) au to l and  c o n t r o l  sys tem 
onboard t h e  TSRV E 7 3 7  a i r p l a n e  ( re f .  20) i s  p r e s e n t e d  i n  f i g u r e  10 as a b a s e l i n e  run  
for  Comparison. The i n i t i a l  c o n d i t i o n s  and t r i m  v a l u e s  f o r  t h i s  run  are  Set e q u a l  t o  
t h o s e  which w e r e  used f o r  t h e  p rev ious  d e s i g n  runs .  The ILS system is  an ana loq  
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c o n t r o l  l a w  t h a t  i s  implemented d i g i t a l l y  on t h e  a i r p l a n e  f l i g h t - c o n t r o l  computers a t  
a rate of 20 t i m e s  pe r  second, and t h e  s imula t ion  program has  an e q u i v a l e n t  implemen- 
t a t i o n .  F igure  10 shows that  t h e  ILS system is  a b l e  t o  main ta in  a c c e p t a b l e  s t a b i l i t y  
and c o n t r o l  r e g u l a t i o n  u n t i l  t h e  a i r p l a n e  encounters  t h e  decreasing-headwind/ 
decreasing-downdraf t  c o n d i t i o n  mentioned previous ly .  During t h i s  t i m e  pe r iod ,  AVa 
d e c r e a s e s  by 65 f t / s e c ,  Lih dec reases  by 138 f t ,  a i n c r e a s e s  t o  24', 0 i n c r e a s e s  
t o  30°,  and 6, reaches  i t s  lower s a t u r a t i o n  l i m i t .  The va lue  of 6 th  d u r i n g  t h i s  
pe r iod  touches 60'. The 24' l i m i t a t i o n  on a shown i n  f i g u r e  10 i s  imposed w i t h i n  
t h e  s i m u l a t i o n  because of t h e  u n a v a i l a b i l i t y  of aerodynamic d a t a  beyond t h i s  p o i n t .  
I n  a c t u a l i t y ,  a would con t inue  t o  i n c r e a s e  u n t i l  t h e  a i r p l a n e  reaches  s t a l l .  The 
s i m u l a t i o n  i n d i c a t e s  t h a t  t h e  a i r p l a n e  may begin  t o  s t a l l  d u r i n g  t h i s  pe r iod ,  b u t  
t h a t  a l t i t u d e  i s  recovered (and,  i n  f a c t ,  reaches  256 f t  above t h e  g l i d e  s l o p e )  sub- 
sequen t  t o  6, s a t u r a t i n g  i t s  upper l i m i t .  A d e f i n i t e  s t a l l  c o n d i t i o n  probably  
would occur  i n  r e a l i t y ,  however, w i thou t  the  l i m i t a t i o n  on a. Also, wing asymme- 
t r ies  and la teral  wind e f f e c t s  could a l s o  combine wi th  t h i s  cond i t ion ,  as d i scussed  
p r e v i o u s l y ,  t o  cause s t a l l  du r ing  t h i s  per iod .  Furthermore,  i f  t h e  decreas ing-  
headwind/decreasing-downdraft c o n d i t i o n  had occurred  any la te r  i n  t h e  run,  t h e  a i r -  
p l ane  probably  would have impacted t h e  ground even though a recovery  may have been 
t h e o r e t i c a l l y  possible. The a i r p l a n e  lands i n  t h e  s imula t ion ,  however, and t h e  l a r g e  
p o s i t i v e  Lih e r r o r  i n d i c a t e d  a t  touchdown r e s u l t s  from t h e  g l i d e  s l o p e  ex tend ing  
benea th  t h e  runway beyond t h e  g l ide - s lope  i n t e r c e p t  po in t .  

C a s e  

1 
2 
3 

A comparison of t h e  ILS r e s u l t s  of f i g u r e  10 with those  shown i n  f i g u r e s  7 and 9 
i n d i c a t e s  t h a t  bo th  des igns  are a b l e  t o  main ta in  much b e t t e r  c o n t r o l  s t a b i l i t y  and 
r e g u l a t i o n  q u a l i t y  i n  t h i s  environment than t h e  ILS system. During t h e  same c r i t i c a l  
t i m e  pe r iod ,  t h e  wors t  e r r o r  occurs  i n  0, which i n c r e a s e s  t o  11' and 10' respec- 
t i v e l y  f o r  f i g u r e s  7 and 9,  and A l l  o t h e r  
parameters, however, are he ld  f a i r l y  c o n s t a n t  th roughout  t h i s  pe r iod ,  and 6, s t a y s  
below 6.5' i n  f i g u r e  7 (des ign  wi th  energy-ra te  feedback)  and below 4.7' i n  f i g u r e  9 
( r e d e s i g n  wi thou t  energy-ra te  feedback) .  Furthermore,  even t h e  des ign  r e s u l t s  pre- 
s e n t e d  i n  f i g u r e s  6 and 8 f o r  t h e  i n i t i a l  implementat ion are p r e f e r a b l e  t o  t h o s e  
shown i n  f i g u r e  10 f o r  t h e  ILS system. This may be because of t h e  opt imal  i n t e g r a t e d  
e l e v a t o r - t h r o t t l e  s t r u c t u r e  of t h e s e  des igns ,  combined wi th  t h e  a b i l i t y  t o  account  
f o r  process noice ,  measurement no i se ,  and c o n t r o l - p o s i t i o n  and rate s a t u r a t i o n  l i m i t s  
d u r i n g  t h e  des ign  process .  

6th j u s t  touches i t s  60' p o s i t i o n  l i m i t .  

c.g., p e r c e n t  MAC Weight, l b  Airspeed,  knots  

10 85 000 135 
20 85 000 125 
30 75 000 119 

Robustness 

A precur so ry  e v a l u a t i o n  of t h e  control-system des igns  f o r  robus tness  w a s  ob- 
t a i n e d  for  t h r e e  of f -des ign  cases by vary ing  t h e  c.g. l o c a t i o n ,  weight ,  and a i r s p e e d  
of t h e  a i r c r a f t  and r e p e a t i n g  t h e  s imula t ion  runs wi th  t h e  p rev ious ly  d e s c r i b e d  
v e l o c i t y  g a i n  d i s t r i b u t i o n  f o r  each design.  The of f -des ign  cases s e l e c t e d  f o r  t h i s  
a n a l y s i s  are p resen ted  i n  t h e  fo l lowing  t a b l e :  
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The e f f e c t  of t h i s  v a r i a t i o n  on the s i m u l a t i o n  r e s u l t s  w a s  n o t  s i g n i f i c a n t  enough t o  
war ran t  p r e s e n t i n g  t h e s e  runs  as separate f i g u r e s .  However, i n  o r d e r  t o  i n c l u d e  t h e  
e f f e c t  of s l i g h t  parameter v a r i a t i o n s  on t h e  performance of t h e  cont ro l - sys tem I 

d e s i g n s  presented  i n  t h i s  paper ,  t h e  p reced ing  s i m u l a t i o n  r e s u l t s  shown i n  f i g u r e s  6 
t o  9 are f o r  of f -des ign  case 2 l i s t e d  above, which r e p r e s e n t s  a s l i g h t l y  off-nominal  
c.g. l o c a t i o n .  (The a i r c r a f t  parameters for  t h e  d e s i g n  inc luded  a c.g. l o c a t i o n  a t  
25 p e r c e n t  MAC r a t h e r  t han  a t  20 p e r c e n t  MAC.) This  of f -des ign  case w a s  t hen  re- 
pea ted  f o r  each des ign  wi th  t h e  g l ide - s lope  a n g l e  i n c r e a s e d  from 3" t o  5O, and t h e s e  
r e s u l t s  are presented  i n  f i g u r e s  11  and 12. I t  is  shown i n  t h e s e  f i g u r e s  t h a t  t h e  
p i t c h  a t t i t u d e  and t h r o t t l e  a c t i v i t y  are worse i n  t h e s e  runs ,  b u t  t h e  g e n e r a l  perfor- 
mance of bo th  des igns  is  very  similar t o  t h e  r e s u l t s  p re sen ted  i n  f i g u r e s  7 and 9. 

I 

1 

I 

I 
~ 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

A c o n t r o l  s y s t e m  wi th  and wi thou t  energy-ra te  feedback has  been developed fo r  
t h e  approach t o  landing  of t h e  Transpor t  Systems Research Vehic le  (TSRV) B-737 a i r -  
p l a n e  through a severe-wind-shear and g u s t  environment t o  e v a l u a t e  t h e  a p p l i c a t i o n  of 
a t o t a l  energy-ra te  s enso r  t o  t h e  wind-shear problem. The a n a l y s i s  and s i m u l a t i o n  
r e s u l t s  f o r  t h e  t w o  des igns  can be summarized as fo l lows:  

1 .  A simple implementat ion technique  f o r  d i s t r i b u t i n g  t h e  v e l o c i t y  feedback  
g a i n s  between a i r speed  and ground speed proved t o  be ve ry  e f f e c t i v e  i n  reducing  p i t c h  
a t t i t u d e ,  ang le  of a t t a c k ,  and t h r o t t l e  a c t i v i t y  d u r i n g  severe-wind-shear  and g u s t  
p e n e t r a t i o n  whi le  ma in ta in ing  good a i r s p e e d  and a l t i t u d e  c o n t r o l .  This implementa- 
t i o n  technique  does n o t  a l t e r  t h e  d e s i g n  o r  t h e  v a l i d i t y  of t h e  a n a l y s i s  s i n c e  t h e  
t o t a l  feedback ga ins  remain unchanged, b u t  o p e r a t i o n a l  performance c r i t e r i a  may be 
a f f e c t e d .  

2. The cont ro l - law des ign ,  bo th  wi th  and wi thou t  t o t a l  energy-ra te  feedback,  
demonstrated t h e  c a p a b i l i t y  of fo l lowing  bo th  a l t i t u d e  and a i r s p e e d  commands w i t h  
z e r o  s t e a d y - s t a t e  error and of p e n e t r a t i n g  a severe-wind-shear and g u s t  environment  
du r ing  t h e  approach t o  landing .  

3. I n t e g r a t i n g  t h e  a i r p l a n e  and wind-shear dynamics as coupled d i f f e r e n t i a l  
equa t ions  i n d i c a t e d  wind-shear c o n d i t i o n s  f o r  which t h e  a i r p l a n e  phugoid mode w a s  
u n s t a b l e .  This  modeling approach allowed t h e  c o n t r o l  l a w  t o  be ana lyzed  f o r  t h e s e  
u n s t a b l e  cond i t ions .  

4.  Minor d i f f e r e n c e s  appeared i n  t h e  a n a l y s i s  and s i m u l a t i o n  r e s u l t s  of t h e  
cont ro l - law des ign  wi th  t o t a l  ene rgy- ra t e  feedback compared wi th  those  of t h e  
con t ro l - l aw  des ign  wi thou t  t o t a l  energy-ra te  feedback,  b u t  none of t h e s e  were of 
g r e a t  s i g n i f i c a n c e .  

5. The ins t rument  l and ing  system (ILS) a u t o l a n d  system onboard t h e  TSRV B-737 
a i r p l a n e  w a s  much less e f f e c t i v e  i n  p e n e t r a t i n g  t h e  severe-wind-shear  and g u s t  
environment  than  were t h e  cont ro l - law d e s i g n s  ( w i t h  and w i t h o u t  t o t a l  ene rgy- ra t e  
feedback)  cons idered  i n  t h i s  paper .  

From t h e s e  r e s u l t s ,  t h e  fo l lowing  conc lus ions  may be drawn: 

1 .  The energy-ra te  s e n s o r  may be b e t t e r  a p p l i e d  t o  a i r c r a f t  w i th  a more l i m i t e d  
and less a c c u r a t e  measurement f i e l d ,  such as f o r  commercial t r a n s p o r t s  t h a t  are n o t  
equipped wi th  an  i n e r t i a l  n a v i g a t i o n  system or f o r  commuter and g e n e r a l  a v i a t i o n  
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a i r c r a f t ,  s i n c e  t h e  o t h e r  measurements s t u d i e d  h e r e i n  appear  t o  p rov ide  a l l  t h e  
necessary  informat ion .  

2. The d e s i g n  concepts ,  cont ro l - law s t r u c t u r e ,  and implementat ion t echn iques  
p re sen ted  i n  t h i s  paper  are a p p l i c a b l e ,  with or wi thou t  use  of t h e  ene rgy- ra t e  
s e n s o r ,  t o  t h e  wind-shear problem, and t h e s e  d e s i g n s  are much more e f f e c t i v e  i n  main- 
t a i n i n g  s t a b i l i t y  and c o n t r o l  r e g u l a t i o n  du r ing  s e v e r e - w i n d s h e a r  and g u s t  pene t r a -  
t i o n  t h a n  conven t iona l  systems. This  may be because of t h e  optimal i n t e g r a t e d  m u l t i -  
v a r i a b l e  s t r u c t u r e  of t h e s e  des igns  and t h e  a b i l i t y  t o  account  f o r  p rocess  n o i s e ,  
measurement no i se ,  and c o n t r o l - p o s i t i o n  and rate s a t u r a t i o n  l i m i t s  d u r i n g  t h e  des ign  
process. 

3. I n c o r p o r a t i n g  wind-shear-dynamics equa t ions  wi th  t h e  a i r p l a n e  e q u a t i o n s  of 
motion f o r  t h e  p l a n t  des ign  model is a n  e f f e c t i v e  means of p rov id ing  cont ro l - sys tem 
a n a l y s i s  c a p a b i l i t y  f o r  v a r i o u s  wind-shear c o n d i t i o n s .  

Based on t h e  r e s u l t s  and conc lus ions  of t h i s  s tudy ,  t h e  fo l lowing  recommenda- 
t i o n s  are o f f e r e d  f o r  f u t u r e  s tudy:  

1 .  A possible ex tens ion  t o  t h i s  s tudy  would be t o  i n v e s t i g a t e  t h e  s e n s o r  f o r  a 
reduced measurement f i e l d ,  such as f o r  t r a n s p o r t s  w i thou t  t h e  i n e r t i a l  n a v i g a t i o n  
system or f o r  a commuter o r  g e n e r a l  a v i a t i o n  a i r c r a f t .  The v a l u e  of f a s t - r e sponse  
wind-re la ted  in fo rma t ion  provided by t h e  t o t a l  ene rgy- ra t e  s e n s o r  may be of g r e a t e r  
importance t h e r e  than  i n  t h e  a p p l i c a t i o n  of t h i s  s tudy .  

2. The wind-shear model p re sen ted  i n  t h i s  paper  i n c l u d e s  wind component acceler- 
a t i o n  as a f u n c t i o n  of a l t i t u d e  r a t e .  This wind-shear model should  be expanded t o  
i n c l u d e  wind component a c c e l e r a t i o n  as a f u n c t i o n  of t h e  l o n g i t u d i n a l  v e l o c i t y  of t h e  
airplane.  The expanded model would allow a more thorough i n v e s t i g a t i o n  of s e n s i t i v e  
wind-shear c o n d i t i o n s  and cont ro l - sys tem a n a l y s i s  under t h e s e  wind-shear c o n d i t i o n s .  

3. Add i t iona l  r e s e a r c h  should  inc lude  o p e r a t i o n a l  des ign  c r i t e r i a ,  t h a t  is, 
maximum and minimum a i r s p e e d  and ground-speed c r i t e r i a ,  100-f t  d e c i s i o n  h e i g h t  f l i g h t  
c h a r a c t e r i s t i c s ,  and touchdown d lspers ion  under  v a r i o u s  wind-shear and gust 
environments .  

4.  A f u r t h e r  a p p l i c a t i o n  of t h e s e  concepts  might be t o  develop  a s imi l a r  d e s i g n  
f o r  t ake -o f f .  

NASA Langley Research C e n t e r  
Hampton, VA 23665 
Janua ry  1 8 ,  1985 
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APPENDIX A 

CONTROL-LAW STRUCTURE 

T h i s  appendix p r e s e n t s  a summary of t h e  PIF  formula t ion ,  t h e  o u t p u t  feedback 
e q u a t i o n s ,  t h e  CGT formula t ion ,  and t h e  f l i g h t  equa t ions  used i n  t h e  d e s i g n  and 
u a t i o n  of t h e  c o n t r o l  systems p resen ted  i n  t h i s  paper .  A l l  variables r e p r e s e n t  
p e r t u r b a t i o n  q u a n t i t i e s  u n l e s s  o the rwise  noted.  

PIF  Formulat ion 

The cont inuous- t ime d e s i g n  model u s ing  t h e  PIF s t r u c t u r e  i s  g iven  by t h e  
fo l lowing:  

x = E + iv + i w 
W 

- 
Y = H X + N  

x = [XT,  UT, zTIT 

0 

0 O I  

I 
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V 

where 

X 

U 

Z 

state v e c t o r  f o r  t h e  p l a n t  

c o n t r o l  position-command s t a t e  v e c t o r  

i n t e g r a t o r - s t a t e  v e c t o r  

c o n t r o l  rate-command v e c t o r  

wind-gust v e c t o r  

o u t p u t  vec to r  

o u t p u t  v e c t o r  f o r  t h e  p l a n t  s t a t e s  

o u t p u t  v e c t o r  f o r  t h e  c o n t r o l  s t a t e s  

o u t p u t  v e c t o r  f o r  t h e  i n t e g r a t e d  states 

PIF  output -noise  v e c t o r  

p l a n t - s t a t e  and c o n t r o l - s t a t e  ma t r i ces  

wind-gust d i s t u r b a n c e  m a t r i x  

obse rva t ion  ma t r ix  

t r ansmiss ion  matrices f o r  t h e  i n t e g r a t o r  s t a t e s  

The d i s c r e t e  form of t h e  s t a t e  equat ion  g iven  i n  equa t ion  ( A l )  can be ob ta ined  
by us ing  t h e  ORACLS computer program ( r e f .  1 8 ) .  The d i s c r e t e  des ign  model can be 
w r i t t e n  as fo l lows:  

Az Bz 

-- 
= 5 + GV + "Wk %+l k 

- - - 
where F, G, and a r e  t h e  d i s c r e t e  ma t r i ces  corresponding to  A ,  6 ,  and B 
a s  o b t a i n e d  from ORACLS. However, s e v e r a l  approximations t o  F and a r e  made i n  
o r d e r  t o  implement both a zero-order  hold f o r  t h e  c o n t r o l - r a t e  commands and an m l e r  
d i s c r e t e  i n t e g r a t i o n  ( r e f .  1 2 ) .  me f i n a l  form f o r  F and E ,  t hen ,  becomes 

W - W 

F G 

F=[ 0 I 

AT A, AT Bz 

( A 1  0) 
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0 

0 

(A1 1 

where AT is  the  d i s c r e t e  sampling p e r i o d  and I r e p r e s e n t s  a p p r o p r i a t e l y  dimen- 
s ioned  i d e n t i t y  matrices. 

Output  Feedback Equat ions 

A s t o c h a s t i c ,  d i s c r e t e  opt imal -output  feedback des ign  program ( r e f .  12 )  w a s  used  
t o  compute t h e  feedback g a i n s  f o r  t h e  s e l e c t e d  o u t p u t s  of equa t ion  ( ~ 9 ) .  The 
cont inuous- t ime c o s t  f u n c t i o n  J i s  g iven  by 

( A 1  2 )  

where E( 1 i s  t h e  expected va lue  and g is  a d i agona l  s t a t e - w e i g h t i n g  m a t r i x  wi th  
components g iven  by 

( A 1  3 )  

i s  t h e  c o n t r o l - p o s i t i o n  command- where Qx i s  the p lan t - s t a t e -we igh t ing  matr ix ,  
s t a t e -we igh t ing  matr ix ,  and Q, i s  t h e  i n t e g r a t o r - s t a t e - w e i g h t i n g  ma t r ix .  The - 

A 1  1 c o n t r o l - r a t e  command-weighting m a t r i x  is r e p r e s e n t e d  by the d i a g o n a l  m a t r i x  
weight ings  desc r ibed  i n  t h e  "Control-System Design and Analys is"  s e c t i o n  are i n s e r t e d  
i n t o  equa t ion  (A1  2 ) .  

QU 

RV. 

The e q u i v a l e n t  discrete performance index ,  which is r e q u i r e d  i n  r e f e r e n c e  13, is 
d e f i n e d  as 

( A 1  4 )  

- 
A V where 6 and a r e  t h e  d i s c r e t e  weight ing  matrices co r re spond ing  t o  and R 

as  c a l c u l a t e d  wi th  t h e  sampling pe r iod  AT u s i n g  reference 18. The t e r m  M i s  t h e  
d i s c r e t e  cross-weight ing m a t r i x  between s t a t e s  and controls .  

The o u t p u t  feedback fo rmula t ion  a l s o  i n c l u d e s  bo th  p l a n t  process n o i s e  and mea- 
surement  no i se .  Terms inc luded  i n  t h e  p l a n t  process n o i s e  are randomly d i s t r i b u t e d  

2 0  



i n i t i a l - c o n d i t i o n  errors, c o n t r o l - i n p u t  random pseudonoise ,  and random wind-gust d i s -  
t u rbances .  The t o t a l  d i s c r e t e  p lan t -process-noise  cova r i ance  w is c a l c u l a t e d  as: 

E{Xi} = 0 

- -T E{xixi) = 

E{;} = 0 

E { G T )  = 7 6 
P i j  

E{;) = 0 

E { Z T }  = WgSij 

(A1  6 a )  

(A1 6b)  

(A1 7 a )  

(A1 7b)  

( A 1 8 a )  

( A 1 8 b )  

- - 
where Xi i s  t h e  i n i t i a l - c o n d i t i o n  e r r o r  cova r i ance ,  Vp is  t h e  c o n t r o l - i n p u t  
p rocess -no i se  cova r i ance ,  W i s  t h e  wind-gust process-noise  cova r i ance ,  and 6 i j  
i s  t h e  Kronecker del ta  f u n c t i o n .  The terms xi, v, and w c o n t a i n  r e s p e c t i v e l y  the 
s ta te ,  c c n t r o l ,  and wind u n c e r t a i n t i e s  d e s c r i b e d  i n  t h e  "Cont ro l  System Design and 
Analys is"  s e c t i o n  of t h i s  paper .  The i n t e g r a l  t e r m  i n  equa t ion  ( A i 5 1  is t ransformed 

i s  t o  t h e  discrete form u s i n g  r e f e r e n c e  18. The measurement-noise cova r i ance  
c a l c u l a t e d  i n  a similar manner as follows: 

- 
- - - ? 

- 
"m 

E@} = 0 

E { S T )  = ?m6ij 

(A1 9 a )  

(A1 9b)  

- 
where B c o n t a i n s  t h e  measurement-noise u n c e r t a i n t i e s .  

The optimal-feedback g a i n s  K are d i r e c t l y  r e l a t e d  t o  t h e  o u t p u t  measurement as 

V = Kk k k 
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- 
g iven  by Fc 1 w i t h  t h e  cor responding  closed-loop t r a n s i t i o n  m a t r i x  

CGT Formulat ion 

The o b j e c t i v e  of command-generator t r a c k i n g  (CGT) i s  t o  cause  s e l e c t e d  o u t p u t s  

ymlk 
The open-loop p l a n t  model can be w r i t t e n  

of t h e  a i r p l a n e  t o  op t ima l ly  t r a c k  t h e  o u t p u t  of a l i n e a r i z e d  command 'zlk 
model by us ing  feedforward c o n t r o l  g a i n s .  
as 

and t h e  l i n e a r i z e d  command is  g iven  by 

'm,k = %%,k + Dmum,k+l 

(A24 1 

(A251 

It should  be noted t h a t  t h e  o u t p u t  v e c t o r  

a i r p l a n e  states being i n t e g r a t e d  i n  e q u a t i o n  ( A 8 ) ,  and t h a t  t h e  model o u t p u t s  Ym,k 
i n  equa t ion  (A25) a r e  t h e  commanded va lues  f o r  t h e s e  same s ta tes .  The r eason  f o r  
u s i n g  a n  advanced t i m e  s tep on t h e  c o n t r o l  is  p resen ted  i n  r e f e r e n c e  1 2 .  The feed- 
forward g a i n s  re la te  t h e  model s ta tes  X,,, and model c o n t r o l s  U,,, t o  i d e a l  s t a r  
t r a j e c t o r y  x*,u* a s  fo l lows :  

Y Z l k  i n  e q u a t i o n  (A23) cor responds  t o  t h e  

where each  Ai j  r e p r e s e n t s  a c o n s t a n t  feedforward  g a i n  mat r ix .  The s o l u t i o n  for  t h e  
feedforward g a i n s  involves  s o l v i n g  e q u a t i o n  (A261 as fo l lows :  

2 2  

(A27 ) 
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L 

A method f o r  s o l v i n g  equa t ion  (A27) and t h e  d e r i v a t i o n s  involved  are p resen ted  i n  
r e fe rence  14.  ( A  more d e t a i l e d  d e r i v a t i o n  i s  presented  i n  TIM N o .  612-2 of The 
Ana ly t i c  Sc iences  Corpora t ion  e n t i t l e d  "Command Generator  Tracking - The Discrete 
T ime  Case"; t h i s  document is n o t  widely a v a i l a b l e . )  

F1 i g h  t Q u a  t i o n s  

The CGT model i s  i n t e g r a t e d  i n t o  t h e  feedback des ign  by l e t t i n g  t h e  p e r t u r b a t i o n  
model (eq. ( A 8 ) )  r e p r e s e n t  t h e  e r r o r  be tween t h e  p l a n t  p e r t u r b a t i o n  states and con- 
t r o l s  and t h e  s t a r  t r a j e c t o r y  p e r t u r b a t i o n  s t a t e s  and c o n t r o l s .  I f  we use an i n c r e -  
mental  cont ro l - law form and r i g o r o u s l y  s u b s t i t u t e  t o t a l  q u a n t i t i e s  i n t o  t h e  pe r tu rba -  
t i o n  model (s imilar  t o  r e f .  1 2 ,  which uses  f u l l - s t a t e  feedback as opposed t o  t h e  
o u t p u t  feedback used i n  t h i s  p a p e r ) ,  t h e  f l i g h t  equa t ions  become 

- - 
E = Y  T,k X,T,k - HXA1lXm,T,k 

V = ( I  + AT KH )V + K ( E  T,k - ET,k-l 1 T,k U T,k-1 

- - u  
+ AT KHZ(YZ,T,k-l 'm,T,k-l + E1(um,T,k+l m,T,k 

= U  + A T V  
'T,k+l T,k T,k 

where 

- - 
x "U "zl ii = [H 

- 
= - K ( H ~ A ~ ~  + H n ~ 2 2  + iiZzpA) 

P = -Pel (PT A + PT A ) 
A zz xz 1 2  uz 22 

( A 2 8 1  

(A31 

( A 3 2 1  

r e p r e s e n t  t h e  rows of the opt imal -output  feedback so lu-  T where P * P  xg' uz' 
t i o n  m a t r i x  of t h a t  correspond t o  t h e  i n t e g r a t o r  states.  The sub- 
s c r i p t  T ' s  i n  t h e  above equa t ions  i n d i c a t e  t h e s e  are t o t a l  q u a n t i t i e s .  
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APPENDIX B 

I 

WIND-MODEL DERIVATION 

T h i s  appendix p r e s e n t s  a complete d e r i v a t i o n  of t h e  l i n e a r  wind-shear states 
which were inco rpora t ed  i n t o  t h e  cont ro l - law d e s i g n  model p re sen ted  i n  t h i s  paper .  

The wind-veloci ty  v e c t o r  i n  t h e  i n e r t i a l  Ear th- f ixed  r e f e r e n c e  frame is  g iven  by 

v = u  x + w  z (B1) 
w * E  w,E W I E  

I 



f o r  p i t c h  rate i n  equa t ions  ( B 4 )  and (B5) y i e l d s  

Ww = U s i n  0 + QU c o s  0 + W cos  0 - QWw,E s i n  0 w, E w, E W,  E 

- - 6w,E s i n  Q + i cos  o + U ~ Q  
W I E  

can now be obta ined  for a hypothet-  The fo l lowing  expres s ions  f o r  
i ca l  l i n e a r  wind s h e a r  t h a t  varies wi th  r e s p e c t  t o  dec reas ing  a l t i t u d e :  

uw, E and 'w, E 

- 
+ 'zZE - %,E,o + %,E ',,E - %,E,o 

- 

'w,E = W ~ , E , ~  + 'zZE = W ~ , E , ~  + w  w , E  

where 

some nominal c o n s t a n t  h o r i z o n t a l  wind v e l o c i t y  w , E t O  
U 

W some nominal c o n s t a n t  v e r t i c a l  wind v e l o c i t y  
W , E , O  

W , E  

w ,E  

h o r i z o n t a l  wind-ve loc i ty  p e r t u r b a t i o n  d u e  t o  wind s h e a r  u 

W v e r t i c a l  wind-veloci ty  p e r t u r b a t i o n  due  t o  wind shear 

h o r i z o n t a l  wind-shear g r a d i e n t ,  ( f t / s e c ) / f t  

v e r t i c a l  wind-shear g r a d i e n t ,  ( f t / s e c ) / f t  

a i r c r a f t  a l t i t u d e ,  p o s i t i v e  down (-HI 

uz 

w z 

zE 

D i f f e r e n t i a t i n g  equa t ions  ( B 9 )  and ( B 1 0 )  y i e l d s  

. 
"W, E = 'zZE = %,E 

. . 
= WZZE = w 

'w, E w, E 

where u and w r e p r e s e n t  t h e  t o t a l  w-nc, p e r t u r b a t i o n s  from t h e  nominal wind 
v e l o c i t i e s  u w, E 

w&Ed ww , E , o. W , E , O  
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Equat ions  ( B 1 1 )  and (B12) can be r e l a t e d  t o  t h e  a i r p l a n e  dynamics by d e f i n i n g  

iE t o  be t h e  s i n k  rate of t h e  a i r p l a n e  a long  t h e  g l i d e  slope (i.e.,  f o r  a f r o z e n  
wind f i e l d ) .  The s i n k - r a t e  equa t ion  as a f u n c t i o n  of t h e  a i r p l a n e  l o n g i t u d i n a l -  and 
ver t ica l -body-axis  v e l o c i t y  components i s  g iven  by 

Z E  = -U s i n  0 + W cos 0 (B13) 

S u b s t i t u t i n g  equa t ion  (B13) i n t o  equa t ions  (B1 1 ) and ( B 1 2 )  y i e l d s  

'wIE = -u,(u s i n  0 - w cos 0 )  (B14) 

= -w, ( u  s i n  0 - w cos 0 )  (B15) 

The complete  non l inea r  expres s ions  f o r  t h e  l o n g i t u d i n a l -  and ver t ica l -body-axis  wind- 
a c c e l e r a t i o n  components can now be determined by s u b s t i t u t i n g  equa t ions  (B14) and 
(B15) i n t o  equa t ions  (B7) and ( B 8 )  : 

Uw = - U z ( U  s i n  0 - W cos 0 )  cos 0 + W z ( U  s i n  0 - W cos 0 )  s i n  0 - WwQ (B16) 

W, = -U,(U s i n  0 - W cos 0) s i n  0 - W,(U s i n  0 - W cos 0 )  cos 0 + UwQ (B17) 

The l i n e a r i z e d  expres s ions  for t h e  wind-acce lera t ion  components can be ob ta ined  
by performing a p e r t u r b a t i o n  expansion on e q u a t i o n s  (B16) and (B17) wi th  t h e  f o l l o w -  
i n g  s u b s t i t u t i o n s :  

w = w o + w  (B19) 

+ ww ww = w 

uw = uW,o + % 

W I O  
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where uo, wo, e,, and qo are t h e  nominal t r i m m e d  a i r c ra f t  parameters, and u,  
w ,  0, and q represent p e r t u r b a t i o n s .  S u b s t i t u t i n g  equa t ions  (B18) t o  (B23) i n t o  
e q u a t i o n s  (B16) and (B171, i n s e r t i n g  a p p r o p r i a t e  t r i g o n o m e t r i c  i d e n t i t i e s ,  expanding, 
and c o l l e c t i n g  terms y i e l d s  t h e  f i n a l  form of t h e  wind-model equa t ions :  

Aw = [-Uz(0.5 s i n  28,) + W,(sin 2 e0)]u + [u2(cos 2 e o )  - wz(0.5 s i n  2 e 0 ) ] w  + (-w )q 
W I O  

+ [-(uzu0 + w w 1 COS 2e0 - (u2wo - w u s i n  2eo]e + (-q ) W  (B24) 
2 0  2 0  o w  

+ [-(uzuo + wzwo) s i n  28, + (uzwo - w,wo) cos  2eo]e + (qo)uw (B25 1 

2 2 
U W I O  = -Uz[u0(0.5 s i n  28,) - wo(cos e o ) ]  - wz[w0(0.5 s i n  28,) - u o ( s i n  e o ) ]  

- w w , o  

W = Uz[w0(0.5 s i n  28,) - u o ( s i n  2 e o ) ]  - wz[u0(0.5 s i n  28,)  - wo(cos 2 e o ) ]  
W I O  

+ q u  0 w , o  

(B26) 

Equat ions  (B24) and (B25) r e p r e s e n t  the wind-shear p e r t u r b a t i o n s  from t h e  d e s i r e d  
f l i g h t  p a t h ,  and equa t ions  (~326) and (B27) r e p r e s e n t  t h e  nominal wind-shear pe r tu rba -  
t i o n s  from t h e  c o n s t a n t  wind v e l o c i t i e s  sI0 and xwI0 a long  t h e  d e s i r e d  f l i g h t  
pa th .  The terms 

wind-ve loc i ty  components i n  t h e  Earth-f ixed i n e r t i a l  frame %,E!o and W ~ ! E , ~  
t h e i r  e q u i v a l e n t  body-axis components with equa t ion  (B2).  The s i q n  convent ions  
i m p l i c i t  i n  t h e  above equa t ions  are summarized as fo l lows:  

and w are obta ined  by r o t a t i n g  t h e  nominal c o n s t a n t  
W I O  

t o  
S I 0  

> 0 f o r  c o n s t a n t  t a i l w i n d  
W I E , O  

W I E , O  

U 

W > 0 f o r  c o n s t a n t  downdraf t  
U, > 0 
W, > 0 

for i n c r e a s i n g  t a i l w i n d  with d e s c e n t  
fo r  i n c r e a s i n g  downdraf t  w i t h  d e s c e n t  

Equat ions  (B24) and (B25) are t h e  l i n e a r i z e d  wind-state-model equa t ions ,  and 
each  wind-ve loc i ty  component i s  o b t a i n a b l e  through a pure  i n t e g r a t i o n  of t h e s e  accel- 
e r a t i o n  components. The wind-model equa t ions  used i n  t h e  des ign ,  however, r e p r e s e n t  
a l o w - p a s s - f i l t e r  approximation t o  t h i s  i n t e g r a t i o n  (because of a r e s t r i c t i o n  i n  t h e  
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con t ro l - l aw  a lgor i thm r e q u i r i n g  a s t r i c t l y  stable sys t em) ,  and t h e s e  equa t ions  are 
g iven  be l o w :  

where 

uO 

wO 

W 
W I O  

W 
W I O  

w 

ww, w 

)uw + 
+ (-'w,w 

2 ww = [-U,(sin e o )  - 2 Wz(0.5 s i n  2eo)]u + [uz(0.5 s i n  28,) + wz(cos e o ) ] w  

+ ( u  )q + [-(uzu0 + wzw0) s i n  28 + ( u  w - wzuo) cos  2e0]e 
W I O  0 2 0  

+ (qo)uw + '-ww )ww (B29 
I O  

nominal i n e r t i a l  v e l o c i t y  component of t h e  a i r p l a n e  i n  t h e  p o s i t i v e  
X-direct ion of t h e  body axes  

nominal i n e r t i a l  v e l o c i t y  component of t h e  a i r p l a n e  i n  t h e  p o s i t i v e  
Z-d i rec t ion  of t h e  body axes  

nominal component of wind v e l o c i t y  i n  t h e  p o s i t i v e  l o n g i t u d i n a l  direc- 
t i o n  of t h e  body axes  

nominal component of wind v e l o c i t y  i n  t h e  p o s i t i v e  ver t ica l  d i r e c t i o n  of 
t h e  body axes  

h o r i z o n t a l  wind-shear g r a d i e n t  w i th  respect t o  d e c r e a s i n g  a l t i t u d e  

v e r t i c a l  wind-shear g r a d i e n t  w i th  r e s p e c t  t o  d e c r e a s i n g  a l t i t u d e  

nominal wind-shear a c c e l e r a t i o n  i n  t h e  p o s i t i v e  X-di rec t ion  of the body 
axes  

nominal wind-shear a c c e l e r a t i o n  i n  t h e  posit ive Z-d i r ec t ion  of t h e  body 
axes  

s m a l l  low-pass c u t o f f  f requency  f o r  t h e  hor izonta l -body-axis  wind- 
v e l o c i t y  component 

small  low-pass cu to f f  f requency  fo r  t h e  ve r t i ca l -body-ax i s  wind-ve loc i ty  
component 

The c u t o f f  f r equenc ie s  s , ~  and wWIw w e r e  s e l e c t e d  t o  be small  w i t h  respect t o  
wind s p e c t r a  and t h e  system bandwidth, so t h a t  t h e  f requency  r e sponse  of t h e  wind 
" f i l t e rs"  would approximate an i n t e g r a t o r  for  t h o s e  f r e q u e n c i e s .  This approximation 
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w a s  i n c o r p o r a t e d  i n t o  t h e  des ign  model, because t h e  o u t p u t  feedback a lgo r i thm used i n  
t h e  des ign  requires t h a t  t h e  i n i t i a l  system be s t r i c t l y  s t a b l e .  Hence, i n c o r p o r a t i o n  
of t h e  small l o w - p a s s - f i l t e r  p o l e s  adequate ly  approximated t h e  i n t e g r a t i o n s  wh i l e  
a l lowing  t h e  e igenva lues  a s s o c i a t e d  wi th  t h e  wind states t o  be l o c a t e d  s l i g h t l y  i n t o  
t h e  l e f t  h a l f - p l a n e  r a t h e r  t han  a t  t h e  o r i g i n ,  t h u s  meeting t h e  s t a b i l i t y  r e q u i r e -  
ment. These p o l e s  w e r e  subsequent ly  set  back a t  t h e  o r i g i n  f o r  t h e  cont ro l - sys tem 
a n a l y s i s .  
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APPENDIX C 

TOTAL ENERGY-RATE MODEL DERIVATION 

T h i s  appendix p r e s e n t s  a complete d e r i v a t i o n  f o r  t h e  l i n e a r  ene rgy- ra t e  e q u a t i o n  
T o t a l  energy  used t o  r e p r e s e n t  t h e  energy-ra te  s e n s o r  model p re sen ted  i n  t h i s  paper .  

ET can  be expressed i n  terms of p o t e n t i a l  energy Ep and k i n e t i c  energy  Ek as 
f 01 lows : 

where H i n d i c a t e s  t o t a l  a l t i t u d e .  The t o t a l  s p e c i f i c  energy per u n i t  weight ,  or 
energy  h e i g h t  He, is ob ta ined  as 

2 
He = H + (1/2q)Va (c2 1 

D i f f e r e n t i a t i n g  equa t ion  (C2) y i e l d s  t h e  basic t o t a l  ene rgy- ra t e  model used i n  t h e  
des ign :  

where t h e  f i r s t  term r e p r e s e n t s  t h e  p o t e n t i a l  energy-ra te  component of t h e  a i r p l a n e  
and t h e  second term r e p r e s e n t s  t h e  k i n e t i c  ene rgy- ra t e  component. S ince  t h e  poten-  
t i a l  energy-ra te  component i s  s imply t h e  a l t i t u d e  rate, t h e  body-axis e q u a t i o n  can be 
expressed  as 

H = U s i n  0 - W cos 0 (C4 1 Pe  

S ince  t h e  k i n e t i c  energy-ra te  component w a s  found i n  r e f e r e n c e  1 1  t o  measure t h e  a i r -  
speed and a i r s p e e d - r a t e  terms a long  t h e  l o n g i t u d i n a l  d i r e c t i o n  of t h e  body axes ,  t h e  
k i n e t i c  energy-ra te  component is  w r i t t e n  as 

where 

v a I x  = u - U" (C6) 

'a,x = L b w  (C7) 
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t 

Equat ion (C5) i n c l u d e s  only  t h e  l o n g i t u d i n a l - d i r e c t i o n  v e l o c i t y  and a c c e l e r a t i o n  
components because it w a s  p r e v i o u s l y  determined i n  r e f e r e n c e  11  t h a t  t h i s  q u a n t i t y  
p rov idcs  a better r e p r e s e n t a t i o n  of t h e  t o t a l  energy-ra te  s e n s o r  measurement. The 
t e r m  U i n  equa t ion  (C7) r e p r e s e n t s  t h e  a i r p l a n e  l o n g i t u d i n a l  a c c e l e r a t i o n  and is a 
f u n c t i o n  of t h e  a i r p l a n e  s ta tes  and wind-veloci ty  components i n  t h e  l o n g i t u d i n a l  and 
ver t ica l  d i r e c t i o n s  of t h e  body axes.  

Equat ions  ((24) and (C5) can be l i n e a r i z e d  through a p e r t u r b a t i o n  expansion wi th  
t h e  fo l lowing  s u b s t i t u t i o n s :  

u = u o + u  ( C 8 )  

w = w o + w  (C9) 

o =  e o +  8 (C10) 

+ v  - 
'a,x - 'a,x,o a , x  (C12) 

S u b s t i t u t i n g  e q u a t i o n s  ( C 8 )  t o  (C10) i n t o  equa t ion  (C4) y i e l d s  t h e  l i n e a r i z e d  poten- 
t i a l  ene rgy- ra t e  p e r t u r b a t i o n  

Gpe = u s i n  8, - w cos eo + (uo cos eo + wo s i n  e,)e (C15) 

and s u b s t i t u t i n g  e q u a t i o n s  (C11) t o  (C14) i n t o  e q u a t i o n  (C5) y i e l d s  the l i n e a r i z e d  
k i n e t i c  e n e r g y - r a t e  p e r t u r b a t i o n  

'a,x,o = uo - %,o 

- 
W I O  

'a,x,o - u o - u  

(C17) 

( C 1 8 )  
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Adding equa t ions  ((215) and (C161, c o l l f c t i n g  tsrms, and s u b s t i t u t i n g  e q u a t i o n s  (C19) 
and (C20) f o r  t h e  a c c e l e r a t i o n  terms u and \ y i e l d s  t h e  f i n a l  form of the 
ene rgy- ra t e  equat ion  r e q u i r e d  f o r  t h e  des ign  p resen ted  i n  t h i s  paper: 

+ [uo cos e + w s i n  e + (v / g ) ( a 1 4  - w 14  ) ] e  
0 0 0 a1x10  

where a l l  t o  a16 and b l l  and b12 r e p r e s e n t  t h e  c o n s t a n t  c o e f f i c i e n t  terms 
a s s o c i a t e d  wi th  the  pe r tu rbed-a i rp l ane  i n e r t i a l  a c c e l e r a t i o n  u i n  t h e  p o s i t i v e  lon-  
g i t u d i n a l  d i r e c t i o n  of t h e  body axes ,  and w l l  t o  w16 r e p r e s 5 n t  t h e  c o n s t a n t  coef -  
f i c i e n t  terms a s s o c i a t e d  wi th  t h e  perturbed-wind a c c e l e r a t i o n  
l o n g i t u d i n a l  d i r e c t i o n  of t h e  body axes ,  d e r i v e d  i n  appendix B. The t e r m  u i s  t h e  
nominal body l o n g i t u d i n a l  i n e r t i a l  v e l o c i t y  component, 
a t t i t u d e ,  and \ i s  t h e  nominal wind-ve loc i ty  component- in  t h e  p o s i t i v e  long i tu -  
d i n a l  d i r e c t i o n  of t h e  body axes .  The terms V a , x , o  
l o n g i t u d i n a l  a i r s p e e d  and l o n g i t u d i ? a l  a i r s p e e d - r a t e  components and g i s  t h e  accel- 
e r a t i o n  due t o  g r a v i t y .  The term uo is the.nomina1 body l o n g i t u d i n a l  i n e r t i a l  
a c c e l e r a t i o n  component of t h e  a i r p l a n e ,  and u i s  t h e  nominal wind-shear acceler- 
a t i o n  i n  t h e  p o s i t i v e  l o n g i t u d i n a l  d i r e c t i o n  of t h e  body axes  and is a l so  d e r i v e d  i n  
appendix B. 

uw i n  t h e  p o s i t i v e  

? 8, is  t h e  nominal pitch 

and V a r e  t h e  nominal 

I 

a 1 x 1 0  

W I O  

The energy-ra te  s i g n a l  i n  equa t ion  ( C 2 1 )  w a s  t h e n  passed  through a second-order  
low-pass f i l t e r  with a p p r o p r i a t e  t i m e  c o n s t a n t s  ( r e f .  1 1 )  i n  o r d e r  t o  model t h e  

, ene rgy- ra t e  s e n s o r  dynamics. This f i l t e r  w a s  modeled as fo l lows:  

[i:] =[-: -"d[::] +[:];e 
(C22) 

where Xf  and uf a r e  t h e  s ta te  and t h e  c u t o f f  f r equency  a s s o c i a t e d  wi th  t h e  acous- 
t i c  f i l t e r ,  and X t  and  ut are t h e  s t a t e  and t h e  c u t o f f  f requency  a s s o c i a t e d  w i t h  
t h e  a l t i t u d e - r a t e  t r ansduce r .  (From r e f .  11,  uf = 1.13 r a d / s e c  and 
% = 2.40 r ad / sec . )  
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APPENDIX D 

DESIGN MODEL DEFINITION 

T h i s  appendix d e f i n e s  t h e  mat r ix  elements of t h e  desiqn model g iven  by equa- 
t i ons  (11 )  and (12 ) .  These equa t ions  are repea ted  h e r e  f o r  convenience:  

The matrices g iven  i n  t h e s e  equa t ions  are d e f i n e d  as fo l lows :  

A =  

-all  -a12 0 0 

a21 a22 a23 a24 'a21 -a22 0 

a l l  a12 a13 al 4 

0 0 

0 0 1 0 0 0 0 0 

0 0 

0 0 

klwf k2wf k3wf k4wf k50f k60f - W f  0 

a31 a32 a33 a34 -a31 'a32 

w l l  w12 w13 w14 w15 w1 6 

w21 w22 w23 w24 w25 w26 

ut -ut 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

0 0 0 0 
~ h l  h2 0 h4 
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B =  

b l  1 0 

b2 1 

b31 0 

0 

0 0 

0 0 

0 0 

A2 = [ 
az21 az22 

B, = 

0 0  0 0 0 0 0 1 -  

0 0 0 0  
az25 a226 

0 0  
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where 

0 0 1 0  0 0 0 0 0 0  

0 0 0 1  0 0 0 0 0 0  

0 0 0 0  0 0 0 0 0 1  

0 h4 0 0 0 0 0 0  hl h2 

0 0 0 0  0 0 0 1 0 0  - 

O l  0 0 0  
p 2 1  az2 2 a'25 az26 

0 0  

% = [ ;  ;] 
%=[;  ;] 

- 
a z22 - (wo - ww,o)/va,o 

- - 
-az2 1 

a 
'25 

- - -  
aZ22 

a 
'26 

The Ke 
and t h e  v a l u e  used f o r  t h e  TSRV B-737 was 596 lb/deg.  The w and w2j  terms i n  
e q u a t i o n  (Dl)  are t h e  c o e f f i c i e n t  terms d e f i n e d  i n  e q u a t i o n s  ( B 2 2 )  and (B23),  respec-  
t i v e l y .  The kj and p j  terms i n  equa t ions  (Dl)  and (D2) are t h e  c o e f f i c i e n t  terms 
i n  e q u a t i o n  (C19) of appendix C r e l a t i n g  t h e  p l a n t  states and c o n t r o l s ,  r e s p e c t i v e l y ,  
t o  t o t a l  energy  rate.  The h j  t e r m s  i n  equa t ions  (Dl)  and (D6) are t h e  c o e f f i c i e n t  
terms f o r  t h e  a l t i t u d e  rate g iven  i n  equat ion  (C15).  The V a I 0  term i s  t h e  nominal 
t o t a l  a i r s p e e d .  The terms ai j  a r e  l i n e a r i z e d  aerodynamic terms f o r  t h e  a i r p l a n e .  

t e r m  i s  an engine  c o n s t a n t  t h a t  relates engine  t h r u s t  t o  t h r o t t l e  p o s i t i o n ,  

1 j  
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SYMBOLS 

cont inuous p l a n t - s t a t e  m a t r i x  

cont inuous P IF- s t a t e  ma t r ix  

cont inuous i n t e g r a t o r - s t a t e  m a t r i x  

feedforward g a i n  matrices A1 1 'A1 2' 21 #A22 

B 

- 
B 

BW 

BW 

Bz 

- 

C 

Dm 

E 

F 

F 
- 

- 
Fc 1 

Fm 

G 

G 
- 

Gln 

GW 

- 

9 

H 

- 
H 

Hm 

cont inuous p l a n t - c o n t r o l  m a t r i x  

cont inuous PIF-cont ro l  ma t r ix  

wind-gust d i s t u r b a n c e  ma t r ix  

P I F  wind-gust d i s t u r b a n c e  m a t r i x  

i n t e g r a t o r - s t a t e  t r ansmiss ion  m a t r i x  

c o e f f i c i e n t  for  a i r s p e e d  and ground-speed feedback g a i n s  

c o n t r o l  obse rva t ion  m a t r i x  f o r  command model 

error vec to r  used i n  inc remen ta l  f l i g h t  e q u a t i o n s  

c o n t r o l  ma t r ix  for inc remen ta l  f l i g h t  e q u a t i o n s  

discrete  p l a n t - s t a t e  t r a n s i t i o n  m a t r i x  

discrete  P IF- s t a t e  t r a n s i t i o n  m a t r i x  

discrete  c losed- loop  t r a n s i t i o n  m a t r i x  

discrete command-model s ta te  t r a n s i t i o n  m a t r i x  

d i s c r e t e  p l a n t - c o n t r o l  ma t r ix  

discrete PIF-cont ro l  m a t r i x  

discrete command-model c o n t r o l  m a t r i x  

discrete PIF d i s t u r b a n c e  m a t r i x  

a c c e l e r a t i o n  due t o  g r a v i t y ,  32.174 ft /sec 

= h o + h  

P I F - s t a t e  obse rva t ion  ma t r ix  

command-model s ta te  o b s e r v a t i o n  m a t r i x  

2 

HX t H U r  H Z  Plan t -S ta t e ,  c o n t r o l - s t a t e ,  and i n t e g r a t o r - s t a t e  obse rva t ion -ma t r ix  
components compris ing the column p a r t i t i o n s  of t h e  t o t a l  P I F - S t a t e  
obse rva t ion  ma t r ix  
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column p a r t i t i o n s  of i corresponding  t o  X, U, and Z states 

h 

GC 

hc9 

'e 

he, f 

he, t 

'ke 

hm 

'pe 

I 

i 

J 

K 

Ke 

k 

M 
A 

m 

N 

N 
- 

PA 

a l t i t u d e  of a i r p l a n e ,  posit ive up, f t  

d e s i r e d - a l t i t u d e - r a t e  command-model i n p u t ,  f t / s e c  

a l t i t u d e  of a i r p l a n e  c e n t e r  of g r a v i t y ,  f t  

s p e c i f i c  t o t a l  energy rate of t h e  a i r p l a n e ,  f t / s e c  

s p e c i f i c  t o t a l  energy-ra te  s ta te  associated wi th  the pneumatic f i l t e r  of 
t h e  energy-ra te  s enso r ,  f t / s e c  

specific t o t a l  energy-ra te  s ta te  a s s o c i a t e d  wi th  t h e  rate t r a n s d u c e r  of t h e  
energy-ra te  s enso r ,  f t /sec 

s p e c i f i c  k i n e t i c  energy rate, f t / s e c  

command-model a l t i t u d e ,  p o s i t i v e  up, f t  

s p e c i f i c  p o t e n t i a l  energy rate, f t / s e c  

i d e n t i t y  ma t r ix  

imaginary number (m) 
cont inuous- t ime cost  f u n c t i o n  

optimal-feedback g a i n  m a t r i x  

engine  c o n s t a n t  r e l a t i n g  engine  t h r u s t  t o  t h r o t t l e  p o s i t i o n ,  

sample i n t e g e r  

96 lb/deg 

P I F  d i sc re t e -cos t - func t ion  cross-weight ing matrix between states and 
c o n t r o l s  

mass 

number of samples i n  d i s c r e t e  performance index  

PIF output -noise  v e c t o r  

discrete feedforward ma t r ix  

Pxz,PIIz,Pzz opt imal -output  feedback s o l u t i o n  m a t r i x  p a r t i t i o n  
X, U, and Z 

corresponding  t o  

Q a i r c r a f t  to ta l  p i t c h  rate, s, + q, rad/sec (deg/sec  i n  f i g u r e s )  

Q cont inuous  PIF-state-weight ing m a t r i x  

Q d i s c r e t e - c o s t - f u n c t i o n  PIF-state-weight ing ma t r ix  

- 
A 
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Qx, QUI Qz 

* 
R 

R 

t 

U 

U 

- 
V 

U* 

um 

"W 

U Z  

U 

uO 

UW 

W ,  E U 

k g  

uw,o 

; w , O  

S I W  

V 

'a 

'a,c 

'a,, 

'a,, 
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subsets of 5 r e l a t i n g  t o  p l a n t  states X, c o n t r o l  s ta tes  U, o r  
i n t e g r a t o r  states z 

d i sc re t e -cos t - func t ion  PIF cont ro l -weight ing  ma t r ix  

cont inuous PIF cont ro l -weight ing  ma t r ix  

t i m e  , sec 

= u o t u  

c o n t r o l  position-command s t a t e  v e c t o r  

i d e a l  c o n t r o l  s t a r  t r a j e c t o r y  

command-model c o n t r o l  vec to r  

= %,o + % 

h o r i z o n t a l  wind-shear g r a d i e n t ,  ( f t / s e c ) / f t  

l o n g i t u d i n a l  body-axis i n e r t i a l  a i r c r a f t - v e l o c i t y  component, p o s i t i v e  
forward , f t/sec 

nominal l o n g i t u d i n a l  body-axis i n e r t i a l  a i r c r a f t - v e l o c i t y  component, 
p o s i t i v e  forward, f t / s e c  

wind-veloci ty  component i n  t h e  p o s i t i v e  l o n g i t u d i n a l  d i r e c t i o n  of t h e  body 
axes  , f t/sec 

wind-veloci ty  component i n  t h e  p o s i t i v e  l o n g i t u d i n a l  d i r e c t i o n  of the 
Earth-f ixed i n e r t i a l  frame, f t / s e c  

wind-gust component i n  t h e  p o s i t i v e  l o n g i t u d i n a l  d i r e c t i o n  of the body 
axes  , f t/sec 

nominal wind-veloci ty  component i n  t h e  p o s i t i v e  l o n g i t u d i n a l  d i r e c t i o n  of 
t h e  body axes ,  f t / s e c  

nominal wind-shear a c c e l e r a t i o n  component i n  t h e  p o s i t i v e  l o n g i t u d i n a l  
d i r e c t i o n  of t h e  body axes ,  f t / s e c  

s m a l l  low-pass c u t o f f  f requency f o r  t h e  hor izonta l -body-axis  wind-ve loc i ty  
component , rad /sec  

c o n t r o l  rate-command vec to r  

a i r s p e e d ,  f t / s e c  

des i r ed -a i r speed  command-model i n p u t ,  f t / s e c  

command-model a i r s p e e d ,  f t / s e c  

l o n g i t u d i n a l  a i r s p e e d  component i n  t h e  p o s i t i v e  forward L-rec ion  , f t/sec 



'a,x l o n g i t u d i n a l  a i r s p e e d - r a t e  component i n  t h e  p o s i t i v e  forward d i r e c t i o n ,  
2 f t / s e c  

ground speed,  f t / s e c  

ground-speed lower l i m i t  f o r  the  airspeed-ground-speed implementat ion,  
f t/sec 

measurement-noise covar iance  mat r ix  

- 
V 

P 
c o n t r o l - i n p u t  process-noise  covar iance  ma t r ix  

VW 

W 

wind-veloci ty  v e c t o r  

= w o + w  

wind-gust and i n t e g r a t o r - n o i s e  vec to r  W 
- 
W t o t a l  d i s c r e t e  p lan t -process-noise  cova r i ance  ma t r ix  

p lan t -process-noise  covar iance  ma t r ix  f o r  random wind-gust d i s t u r b a n c e s  

- 
- ww,o + ww 

v e r t i c a l  wind-shear g r a d i e n t ,  ( f t / s e c ) / f t  

ver t ica l -body-axis  i n e r t i a l  a i r c r a f t - v e l o c i t y  component, p o s i t i v e  down, 
f t / s e c  

W 

nominal a i r c r a f t  i n e r t i a l  v e l o c i t y  component i n  t h e  p o s i t i v e  v e r t i c a l  
d i r e c t i o n  of t h e  body axes,  f t / s e c  

wO 

wind-veloci ty  component i n  t h e  p o s i t i v e  v e r t i c a l  d i r e c t i o n  of the body 
axes ,  f t / s e c  

"W 

wind-veloci ty  component i n  t h e  p o s i t i v e  v e r t i c a l  d i r e c t i o n  of t h e  Earth- 
f i x e d  i n e r t i a l  frame, f t / s e c  

wind-gust component i n  t h e  p o s i t i v e  v e r t i c a l  d i r e c t i o n  of t h e  body axes ,  
f t/sec 

nominal wind-gust component i n  t h e  p o s i t i v e  v e r t i c a l  d i r e c t i o n  of t h e  body 
axes ,  f t/sec 

ww,o 

ww,o nominal wind-acce lera t ion  component i n  t h e  p o s i t i v e  v e r t i c a l  d i r e c t i o n  of 
2 t h e  body axes ,  f t / s e c  

small low-pass c u t o f f  frequency f o r  t h e  ver t ica l -body-axis  wind-ve loc i ty  
component, r ad / sec  

wW, w 

X 

X 
- 

X* 

p l a n t - s t a t e  v e c t o r  

P IF- s t a t e  v e c t o r  

i d e a l  s tate star t r a j e c t o r y  
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pneumatic f i l t e r  s t a t e  

i n i t i a l - c o n d i t i o n  error cova r i ance  ma t r ix  

command-model s t a t e  vec to r  

r a t e  t r ansduce r  s t a t e  

th ro t t le -dynamics  f i l t e r  s t a t e  

a long- t rack  ( l o n g i t u d i n a l )  p o s i t i o n  of a i r c r a f t  c e n t e r  of g r a v i t y ,  f t  

i n i t i a l - c o n d i t i o n  e r r o r  v e c t o r  

PIF ou tpu t  v e c t o r  

command-model ou tpu t  v e c t o r  

c o n t r o l - s t a t e  ou tpu t  v e c t o r  

p l a n t - s t a t e  ou tpu t  vec to r  

i n t e g r a t o r - s  t a t e  ou tpu t  vec to r  

i n t e g r a t o r - s t a t e  vec to r  

a i r c r a f t  a l t i t u d e ,  p o s i t i v e  down (i.e.,  -HI, f t  

aerodynamic angle  of a t t a c k ,  deg 

f l i g h t - p a t h  angle ,  deg 

p e r t u r b a t i o n ,  d e v i a t i o n ,  o r  e r r o r  

d i s c r e t e  sampling pe r iod ,  s e c  

e l e v a t o r  c o n t r o l ,  deg 

Kronecker d e l t a  

t h r o t t l e  c o n t r o l ,  deg 

a i r c r a f t  t o t a l  p i t c h  a t t i t u d e ,  

l ow-pass - f i l t e r  c u t o f f  f requency a s s o c i a t e d  wi th  t h e  f i r s t - o r d e r  engine  l a g  

0, + 0,  rad  (deg  f o r  p l o t s )  

dynamic model , rad /sec  

low-pass - f i l t e r  c u t o f f  f requency f o r  t h e  pneumatic f i l t e r  a s s o c i a t e d  wi th  
t h e  energy-ra te  s enso r ,  r ad / sec  

low-pass - f i l t e r  c u t o f f  f requency f o r  t h e  r a t e  t r a n s d u c e r  a s s o c i a t e d  wi th  
t h e  energy-ra te  s enso r ,  r ad / sec  



S u b s c r i p t s :  

I. 

b body-axis r e f e r e n c e  frame 

E Ear th- f ixed  r e f e r e n c e  frame 

k p r e s e n t  t i m e  increment 

k- 1 l a s t  t i m e  increment 

k+ 1 n e x t  t i m e  increment 

0 nominal 

T t o t a l  

s u p e r s c r i p t s  : 

T t r a n s p o s e  

-1 i n v e r s e  

* i d e a l  star t r a j e c t o r y  

S p e c i a l  n o t a t i o n :  

E{ 1 e x p e c t a t i o n  o p e r a t o r  

1 0 D  i n c r e a s i n g  downdraft 

+Hw i n c r e a s i n g  headwind 

+Tw i n c r e a s i n g  t a i l w i n d  

4UD i n c r e a s i n g  u p d r a f t  

Abbrevia t ions :  

c.g. c e n t e r  of g r a v i t y  

DR damping r a t i o  

GM g a i n  margin 

MAC mean aerodynamic chord 

PM phase margin 

A d o t  over  a symbol i n d i c a t e s  a f irst  d e r i v a t i v e  wi th  r e s p e c t  t o  t i m e .  Double 
d o t s  o v e r  a symbol i n d i c a t e  a second d e r i v a t i v e  wi th  r e s p e c t  t o  t i m e .  
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Weight, lb . . . . . . . . .  
c .g . ,  pe rcen t  MAC . . . . .  
Flaps ,  deg . . . . . . . . .  
G l i d e  s l o p e ,  deg . . . . . .  
va, knots  . . . . . . . . .  

I A i r c r a f t  parameters  I T r i m  va lues  I 
80 000 

25 
40 
3 

125 

TABLE I.- TSRV B-737 TRIM CONDITIONS 

[Landing gea r  down1 

I 



TABLE 11.- CONTINUOUS WEIGHTING AND UNCERTAINTY VALUES 

~~~ 

V a r i a b l e  

o u t p u t s  : 
Va, f t / s e c  
q, r ad / sec  
0 ,  r a d  
h,  f t  5, f t / s e c  
he , t ,  f t /sec  
6,, deg 

J h ,  f t - s e c  
6th'  deg 

r va, f t  

Tr im 

21 1 
5 
0 
- .03 
0 
0 

-1 1 
-1 1 

1300 
18.5 

2.6 
18.5 

0 
0 

0 
0 

0 
0 

21 1 
0 
-.03 

1300 
-1 1 
-1 1 

2.6 
18.5 

0 
0 

M a  xi mum 
p e r t u r b a t i o n  

50 
10 

.02 

.01 
50 
30 
15 
15 

5 
2 
5 
5 

10 
12 

5 
3 

Weigh ti ng 

0.0004 
.01 

2 500 
10 000 

.0004 

.0011 

.0044 

.0044 

.04 

.25 

.04 

.04 

.01 

.007 

0.04 
.11 

Uncer t a in ty  

10 
30 

.10 

.20 
10 

5 
5 
5 
4 

30 
2 
5 
0 
0 

2 
2 

60 
40 

2.5 
.00035 
.004 

3 
1 
1 

.01 

.01 

.01 

.01 
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TABLE 111.- FEEDBACK GAINS FOR THE DESIGN WITH ENERGY-RATE FEEDBACK 

Feedback g a i n  f o r  o u t p u t  - 

Wind s h e a r  

U, = 0.25 ( f t / s e c ) / f t ,  +HW; 
W, = 0.47 ( f t / s e c ) / f t ,  +UD 

U, = 0.39 ( f t / s e c ) / f t ,  +m; 
W, = 0.33 ( f t / S e C ) / f t ,  +DD 

U, = 0.39 ( f t / s e c ) / f t ,  +TW; 
W, = 0.19 ( f t / s e c ) / f t ,  +UD 

3-37 4-39 0.315 -4.87 0.987 0.488 
-35.5 -.441 -.397 -.I91 ,0828 -1.52 -.0451 

Phugoid pole Shor t -per iod  p o l e  

0.0140 f i .271;  -0.591 f i l  .17; 
DR = 0.0517 DR = 0.450 

-0.129 f i .0843; -0.690 f i .909;  
DR = 0.838 DR = 0.604 

0.104 f i .108;  -0.620 f i1 .06;  
DR = 0.694 DR = 0.505 

-0.009 3 
- .250 

TABLE 1V.- OPEN-LOOP PHUGOID AND SHOR'FPERIOD P O L E S  

I Based on S R I  I n t e r n a t i o n a l  w i n d s h e a r - g r a d i e n t  e s t i m a t i o n s  
f o r  Kennedy a i r p o r t  
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TABLE V I . -  FEEDBACK GAINS FOR THE REDESIGN WITHOUT ENERGY-RATE FEEDBACK 

Eigenva lue  

I 

Frequency response  f o r  Frequency response  of 
Bode p l o t  w i th  - s i n g u l a r  va lue  p lo t  f o r  - 

1 I 

TABLE V I 1 . -  ANALYSIS RESULTS OF REDESIGNED CONTROL SYSTEM 
WITHOUT ENERGY-RATE FEEDBACK 

Closed loop 
Addi t ive  M u l t i p l i c a t i v e  

d i s t u r b a n c e s  d i s t u r b a n c e s  6 th  Open 

. 
1 

-0.617 f i.531 
- 1  .460 f i2.010 

-1 .860 f i .340 
-2.400 

-1.1 30 
- .292 

-.202 f i .278 
-.176 

0 
0 

0.758 
.589 

.984 

.587 

= 0) Design case (U, = 0; w, 
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